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ABSTRACT
K-Ar dating on synkinematically formed 
illite in low-grade metamorphic pelites was 
used to set new time constraints on the devel-
opment of the Patagonian retroarc fold-and-
thrust belt caused by the subduction of the 
Antarctic plate beneath the South American 
plate. The combined use of illite crystallinity 
(Kübler index), polytype quantification, and 
K-Ar dating of illite fractions (<0.2, <2, and 
2–6 μm) is a powerful tool in constraining the 
missing time gap between the emergent fold-
and-thrust belt formation and early Miocene 
uplift of the Magallanes Basin. Four dis-
tinct periods of illite growth were identified 
based on their K-Ar ages and degree of re-
gional metamorphism: (1) early Cenomanian 
(98 Ma) illite crystallization, (2) widespread 
early Campanian (ca.  80  Ma) long-lasting 
burial illitization processes under anchizo-
nal metamorphic conditions, (3) a significant 
period of illite formation in the early Paleo-
cene (ca. 60 Ma), and (4) a late stage of illite 
growth in the early Eocene (55–46 Ma) under 
epizonal conditions. Based on K-Ar fine frac-
tion ages and Kübler index values, we pro-
pose to subdivide the internal domain along 
the Río Nutria and Río Rincon thrust into a 
thrust zone with maximum rock uplift in the 
west and a foreland-vergent imbricate thrust 
zone in the east.
The earliest indication for the emergent 
fold-and-thrust belt formation in the hinter-
land is documented in a metapelitic clast 
(sample 14-9, <2 μm) within the Upper Cre-
taceous Cerro Toro conglomerate, which 
yielded a K-Ar cooling age of 98.3 ± 1.2 Ma 
and an epizonal Kübler index value of 0.24 
Δ°2Ɵ. After a certain period of geological 
quiescence, an interval of major thrusting 
and rock uplift occurred between ca. 60 and 
46 Ma. The west-dipping Río Nutria and Río 
Rincon thrusts record the onset of fold-and-
thrust belt activity, which can be placed close 
to 60 Ma. In the western part of the internal 
domain, thrusts remained active, and associ-
ated structural uplift is recorded until 46 Ma 
by K-Ar illite cooling ages. Flexural sub-
sidence driven by thrust sheet loading in the 
internal domain was responsible for the east-
ward migration of the foreland depocenter 
and a rapid increase in sedimentation rate 
along the monoclinal belt.
Our results prove a synchronous onset 
of thick-skinned thrusting between 49°S 
and 55°S and suggest constant convergence 
rates of the Patagonian arc against the ad-
jacent South American continental mar-
gin. Time-averaged exhumation rates along 
the Río Rincon anticline (54.6–22  Ma) and 
along the Río Nutria thrust (46.5–22  Ma) 
suggest rather low exhumation rates of 1.6–
1.2 mm/yr (maximum). The low exhumation 
rates link back to constantly low subduction 
rates, resulting in a period of geological qui-
escence between 46.5 and 22 Ma.
INTRODUCTION
The Patagonian fold-and-thrust belt is lo-
cated at the southern tip of South America. Its 
large curved structure shapes the western Pata-
gonian margin, starting from a N-S orientation 
at around 51°S to a nearly E-W orientation in 
Tierra del Fuego (Fig. 1). In the studied  Ultima 
Esperanza District, the structurally deformed 
Cretaceous strata have been affected by N-S–
trending thrusts, back thrusts, faults, and folds 
(e.g., Winslow, 1981; Wilson, 1991). The 
present-day landscape is shaped by large fold 
systems like the Silla syncline, and it offers ex-
cellent rock exposures with which to study the 
timing and thermal evolution of fold-and-thrust 
belt formation.
The orogen, in its present shape, is the result 
of long-lasting, polyphase deformation pro-
cesses occurring during the Late Cretaceous to 
the early Miocene, as well as late Cenozoic gla-
ciation processes (Wilson, 1991; Fosdick et al., 
2011; García et al., 2014). The initial stage of 
the fold-and-thrust belt formation is marked by 
a compressional phase and the closure of the 
precursor Rocas Verdes Basin due to the coeval 
opening of the Atlantic Ocean and subduction 
along the Pacific margin (e.g., Dalziel et  al., 
1974; Bruhn et  al., 1978). Thrust loading due 
to crustal shortening caused flexural subsidence 
and resulted in the formation of a foredeep in the 
Magallanes Basin and the depositional environ-
ment for deep-marine sediments recorded as the 
Punta Barrosa and Cerro Toro Formations (Nat-
land et al., 1974; Winn and Dott, 1979; Dalziel, 
1981; Wilson, 1991; Fildani and Hessler, 2005; 
Romans et  al., 2009). After a roughly 30 m.y. 
period of active foreland basin sedimentation, 
the eastward-propagating thrust front progres-
sively incorporated the Upper Cretaceous Punta 
Barrosa and Cerro Toro Formations into the 
fold-and-thrust belt (e.g., Wilson, 1991). The 
position of the present orogenic front is attrib-
uted so far to a major Miocene deformational 
event (Kraemer, 1998; Fosdick et al., 2013).
Various geochronological methods, such as 
K-Ar dating on magmatic biotite (Altenberger 
et al., 2003) and U/Pb dating on detrital and ash-
bed zircons (e.g., Fildani et  al., 2003; Romans 
et al., 2010; Bernhardt et al., 2012), as well as 
low-temperature tools such as (U-Th)/He  dating 
GSA Bulletin; May/June 2018; v. 130; no. 5/6; p. 975–998; https:// doi .org /10 .1130 /B31766 .1; 13 figures; 2 tables; Data Repository item 2017371 ; 
published online 5 December 2017 .
†annette .suessenberger@ unige .ch; susanne 
.schmidt@ unige .ch; kwemmer@ gwdg .de; lukas 
.baumgartner@ unil .ch; bernard .grobety@ unifr .ch.
© 2017 The Authors. Gold Open Access: This paper is published under the terms of the CC-BY license
Süssenberger et al.
976 Geological Society of America Bulletin, v. 130, no. 5/6
on apatite (Thomson et  al., 2010) and zircon 
(Nelson, 1982; Fosdick et al., 2013), have been 
used to reconstruct the deformational and ther-
mal history of the Magallanes Basin. U/Pb zir-
con dating contributed important constraints for 
the stratigraphic record and fold-and-thrust belt 
initiation, whereas low-temperature chronology 
records the last stage of uplift. However, no pre-
cise age data for the main phase of thrusting and 
thrust-driven rock uplift exist in the literature due 
to the lack of thrust exposure and thrust- related 
rocks such as fault gouges. Winslow (1982) 
stated that stratigraphic units in the deepest part 
of the basin were folded in the Middle Tertiary 
and observed a diachronicity progressing from 
the SE to the NW. Fosdick et al. (2011) defined 
a broad period of thrust activity between 74 
and 27 Ma based on crosscutting relationships. 
 Biddle et al. (1986) and Wilson (1991) consid-
ered that an incomplete stratigraphic record from 
60 to 45 Ma might have been caused by a defor-
mational phase and uplift in the hinterland.
The present study addresses the time inter-
val of major folding and thrusting and provides 
the missing piece for a better understanding of 
fold-and-thrust belt formation within the Ultima 
Esperanza District. We approached this question 
by the combined use of clay characterization 
and K-Ar dating of at least two different illite 
fine fractions, generally <0.2 μm and <2 μm. 
Detailed illite mineral characterization played a 
pivotal role in deciphering the relationship be-
tween the low-temperature thermal overprint re-
lated to regional burial and deformational events 
in the complex setting of the thrust-folded 
Magal lanes foreland basin. The K-Ar ages of 
synkinematically grown illites were interpreted 
in the context of a metamorphic pattern and their 
relationship to thermal events active at different 
times in the study area. The illite characteriza-
tion included the determination of the crystal-
lization parameter, polytype quantification, 
and scanning and transmission electron (SEM, 
TEM) and optical microscopic studies. Several 
different terminologies can be used to character-
ize the low-temperature-pressure conditions of 
initial metamorphism. In this paper, we used the 
Kübler index (KI) to express illite crystallini-
100 km
+
Magallanes 
Basin
51°S
54°S
52°S
53°S
75°W 70°W
Antarctic plate
Metamorphic basement
Patagonian batholith
Sedimentary rocks
Darwin Cordillera
South American plate
SC
Upper Jurassic bimodal
volcanics (including
Tobífera Fm., ophiolites)
Rocas Verdes Basin
Magallanes
fault zone
Scotia plate
Peru-C
hile Trench
Study area
Fig. 8
Tierra del Fuego
A
A A′
A A′
+
+
+
+
+
+ +
+
+
+
+
+
+
+
+
+
+
++
++
+
+ +
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+ +
Magallanes fold-and-thrust belt
B
+
+
+
+
++
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
Metamorphic basement Patagonian batholith
Prowedge Retrowedge
ICE
Punta Arenas
M
agallanes fold-and-thrust belt
Figure 1. (A) Simplified geological map with the main geological units and the location of the study area (Fig. 8) in the Ultima Esperanza 
District marked by a black rectangle (50 km × 50 km). The Upper Jurassic bimodal volcanic rocks include the Tobífera Formation and 
the Sarmiento ophiolite complex, representing remnants of the Rocas Verdes Basin. SC—Sarmiento complex; ICE—South Patagonian 
ice shield. Map is modified from Dalziel (1981) and Hanson and Wilson (1993). (B) Generalized structural cross section A-A′ showing the 
present-day tectonic situation of the Patagonian orogenic wedge, modified after Fosdick et al. (2013).
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ties (Kübler, 1967) and the metamorphic zones 
of Winkler (1976); correlation of KI values and 
metamorphic zones was conducted according to 
Merriman and Frey (1999) and Abad (2007).
GEOLOGIC SETTING
The study area is located between 51°S and 
51°20′S latitude and forms part of the Patago-
nian fold-and-thrust belt, situated at the western 
margin of the Magallanes retroarc basin (Fig. 1; 
e.g., Winslow, 1981; Biddle et  al., 1986; Wil-
son, 1991). The sedimentary, structural, and 
metamorphic history of the Magallanes  Basin 
is related to the opening and closure of the pre-
cursor Rocas Verdes Basin, followed by the 
formation and uplift of the Andean orogenic 
belt (e.g., Biddle et al., 1986). The Magallanes 
Basin was filled throughout the Cretaceous with 
an ~7-km-thick sedimentary sequence, starting 
with deep-marine sediments and succeeded by 
shallow marine up to deltaic sediments (Fig. 2; 
e.g., Dalziel et al., 1974).
Formation of the Rocas Verdes Basin
The formation of the Rocas Verdes Basin 
started during the Middle to Late Jurassic and 
was related to an extensional phase caused by 
the breakup of southern Gondwana (Bruhn 
et al., 1978; Gust et al., 1985; Pankhurst et al., 
2000). The Rocas Verdes Basin extended N-S 
over more than 600  km and narrowed gener-
ally from south to north as the result of more 
rapid and prolonged extension to the south (de 
Wit and Stern, 1981). The extensional phase cli-
maxed in the formation of quasi-oceanic crust 
exposed as ophiolites (Sarmiento complex) and 
bimodal volcanism in the backarc basin (e.g., 
Dalziel, 1981; Pankhurst et al., 2000; Stern and 
de Wit, 2003; Calderón et al., 2007). The sedi-
mentary fill of the basin is represented by the 
Tobífera and Zapata Formations. The Tobífera 
Formation is the earliest basin-filling unit, and 
it consists of predominantly volcanic rocks and 
minor mudstones and has an overall thickness 
of 1000  m (Katz, 1963; Wilson, 1991) in the 
Ultima Esperanza District. Fossil assemblages 
constrain its Upper Jurassic time span of depo-
sition from Oxfordian to Tithonian (Natland 
et al., 1974; Fuenzalida and Covacevich, 1988; 
Wilson, 1991). The extensional phase per-
sisted throughout the Early Cretaceous. In its 
late stage, the basin was filled with a uniform 
sequence of deep-marine, mud-rich sediments 
of the Zapata Formation, formerly described 
as Erezcano Formation (Cecioni, 1957). The 
overall thickness of the Zapata Formation varies 
between 1000 and 1200 m (Cortés, 1964). De-
termination of the depositional age is hampered 
by difficulty in finding the precise stratigraphic 
limit between the Zapata Formation and overly-
ing Punta Barrosa Formation. Hence, the maxi-
mum depositional time span for the Zapata For-
mation ranges from Jurassic to early Turonian 
(Fig. 2; Fildani et al., 2003; Fildani and Hessler, 
2005). Based on biostratigraphic observations, 
shorter periods of deposition were proposed by 
Katz (1963), i.e., late Tithonian to Albian age 
(Fig. 2), and Cortés (1964), i.e., late Tithonian 
to late Aptian (Fig. 2).
Basin Transition from Backarc to Foreland 
and Early Fold-and-Thrust Belt
The inversion of the tectonic regime from 
extension to compression and the associ-
ated closure of the backarc Rocas Verdes Basin 
at the end of the Early Cretaceous were caused 
by higher spreading rates in the South Atlantic 
Ocean and accelerated subduction rates along 
the  Pacific margin (Rabinowitz and LaBreque, 
1979;  Dalziel, 1986; Ramos, 1989). Thrust 
loading of heavy oceanic crust due to incipient 
fold-and-thrust belt formation triggered flexural 
sub sidence, resulting in the development of a 
foredeep and the birth of the Magallanes foreland 
basin stage (Natland et al., 1974; Winn and Dott, 
1979; Dalziel, 1981; Biddle et al., 1986; Wilson, 
1991; Fildani and Hessler, 2005). This dramatic 
conversion in depositional environment is re-
flected by a sudden change in sediment supply 
observed between the Zapata and Punta  Barrosa 
Formations. The transition is marked by a gradual 
increase in thickness and abundance of individual 
sand layers intercalated with mudstones (e.g., 
Wilson, 1991; Fildani et  al., 2003). The sand-
stone layers were probably derived from calc-
alkaline magmatic-arc terrains and metamorphic 
basement complexes in the hinterland and were 
deposited by marine gravity flows (Dott et  al., 
1982; Fildani and Hessler, 2005). Therefore, the 
psammitic layers at the basal Punta  Barrosa For-
mation are considered to reflect the rapid growth 
of the magmatic arc and subsequent uplift and 
erosion. They mark the  onset of fold-and-thrust 
belt formation (e.g.,  Dalziel et  al., 1974; Dott 
et al., 1982;  Wilson, 1991).
Upper Cretaceous to Paleogene 
Depositional Phase in the Magallanes Basin
The foredeep of the Magallanes foreland 
basin was filled with deep-marine sediments, 
recorded as the Punta Barrosa and Cerro Toro 
Formations (Natland et  al., 1974; Winn and 
Dott, 1979; Dalziel, 1981; Wilson, 1991; Fil-
dani and Hessler, 2005; Romans et  al., 2009). 
Due to their syntectonic deposition, both units 
pinch out toward the east. The Sarmiento ophio-
litic complex and the Canal de las Montañas 
shear zone are considered as important source 
areas for the deep-water deposits (Wilson, 
1991;  Romans et al., 2010; Fosdick et al., 2011; 
Calderón et al., 2012).
The general thickness of the Punta Barrosa 
Formation is less than 1000 m (Allen, 1982; Wil-
son, 1991). Skarmeta and Castelli (1997) even 
revised the thickness downwards to ~500  m. 
The depositional environment is confined to a 
100-km-wide trough oriented parallel to the 
westward-adjacent orogenic front (Fildani and 
Hessler, 2005; Bernhardt et al., 2011). U/Pb zir-
con ages range from ca. 101 Ma from an inter-
bedded tuff (Fosdick et al., 2011; see Fig. 2) to 
detrital ages of ca. 92 Ma (Fildani et al., 2003; 
see Fig. 2). Determinations based on fossil as-
semblages constrain a time span from Albian to 
Cenomanian age (Cortés, 1964; see Fig. 2) and 
from late Aptian to Cenomanian age (Skarmeta 
and Castelli, 1997).
The transition between the Punta Barrosa and 
Cerro Toro Formations is gradual and marked 
by the dominance of shale in the latter (Katz, 
1963). The overall thickness of the Cenomanian 
to Campanian Cerro Toro Formation is 2500 m, 
including multiple conglomeratic  layers of 
about 400 m thick (Katz, 1963; Scott, 1966; 
Winn and Dott, 1979; Wilson, 1991; Crane 
and Lowe, 2008). The conglomeratic unit was 
deposited in a southward-directed axial sub-
marine channel system (e.g., Hubbard et  al., 
2008). The depositional environment has been 
interpreted as a wedge-top depozone (Bernhardt 
et al., 2011; Ghiglione et al., 2014). In the study 
area, the deposition of the Cerro Toro Formation 
commenced around 89.5 Ma (U/Pb volcanic ash 
zircon) and lasted until 81.7 Ma (U/Pb detrital 
zircon), with a southward trend of rejuvenation 
(Bernhardt et al., 2012; see also Fig. 2). Slightly 
younger U/Pb zircon crystallization ages of 
86  Ma were found in volcanic ash layers in 
sedimentary strata of the Sierra del Toro (Bern-
hardt et al., 2012; see Fig. 2). Depositional time 
spans based on fossil assemblages are between 
Cenomanian and Santonian (Cortés, 1964; Nat-
land et al., 1974; see Fig. 2) and between early 
Santonian and late Campanian (Katz, 1963; 
see Fig. 2).
The Cerro Toro Formation grades upward 
into the Campanian Tres Pasos and Maastrich-
tian Dorotea Formations, recording a change 
from deep-water to more deltaic deposits (Katz, 
1963; Natland et al., 1974; Macellari et al., 1989; 
Wilson, 1991; Covault et al., 2009; see Fig. 2). 
The Tres Pasos Formation reflects a southward-
prograding submarine slope system and consists 
dominantly of sandstones (lower part) and mud-
stones (upper part; Shultz et al., 2005; Covault 
et al., 2009). The sandstone-domi nated shallow-
Süssenberger et al.
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Figure 2. Compilation of existing stratigraphic ages for the Cretaceous stratigraphic units within the Ultima Esperanza District 
(51°S). Radiometric U/Pb zircon dates were derived from interbedded volcanic ash layers and lava flows (crystallization age) and 
from detrital zircon populations (maximum depositional age). The U/Pb detrital zircon maximum depositional data are in good 
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limit by an ammonite assemblage (written commun. in Fildani and Hessler, 2005); Fildani et al. (2003) defined the upper limit 
 using detrital zircons; (4) Skarmeta and Castelli (1997); (5) Fosdick et al. (2011): 101 ± 1 Ma; (6) Fildani et al. (2003): 92 ± 1 Ma; 
(7) Natland et al. (1974); (8) Bernhardt et al. (2012): 89.5 ± 1.9 Ma at the Silla syncline; (9) Bernhardt et al. (2012): 81.8 ± 3.7 Ma 
at the Silla syncline; (10) Bernhardt et al. (2012): 86 ± 1.3 Ma at the Sierra del Toro; (11) Winn and Dott, (1979); (12) Romans et al. 
(2010): ca. 80 Ma; (13) Natland et al. (1974) and Macellari et al. (1989); (14) Schwartz et al. (2016); (15) Romans et al. (2010): 71.9 
± 2.2 Ma from the lowermost Dorotea Formation; (16) Fosdick et al. (2015): 68.6 ± 1.4 Ma from the uppermost Dorotea Forma-
tion; (17) Malumián and Caramés (1997), Malumián (1999): mid-Eocene to Eocene/Oligocene.
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water Dorotea Formation records the last filling 
unit of the Magallanes foredeep, and it was de-
posited in a progradational axial foreland  basin 
(Katz, 1963; Hubbard et al., 2008;  Covault et al., 
2009; Romans et al., 2009). Detrital U/Pb zircon 
ages and biostratigraphical findings indi cate a 
dominantly Campanian depositional age for the 
Tres Pasos Formation and a largely Maastrich-
tian depositional age for the Dorotea Forma-
tion (Katz, 1963; Cortés, 1964; Natland et al., 
1974; Winn and Dott, 1979; Romans et  al., 
2010; Fosdick et  al., 2011, 2015; Bern hardt 
et al., 2012; Schwartz et al., 2016; see Fig. 2). 
The Dorotea Formation is separated from the 
Eocene, shallow-marine Río Turbio Formation 
by a major regional unconformity (e.g., Biddle 
et al., 1986; Malumián and  Caramés, 1997). The 
erosional unconformity marks a late episode of 
fold-and-thrust belt formation (Schwartz et al., 
2012). The overall thickness of the sandstone- 
and siltstone-dominated Río Turbio Formation 
is around 800  m. Ages based on biostratigra-
phy suggest a mid-Eocene to Eocene/Oligo-
cene depositional age (Malumián and Caramés, 
1997; Malumián, 1999).
Structural Architecture
The Ultima Esperanza District can be divided 
from west to east into: (1) the basement domain, 
marked by thick-skinned deformation, and two 
fold-and-thrust belt domains, comprising (2) the 
internal domain and (3) the less-deformed ex-
ternal domain (after Kraemer, 2003; Ghiglione 
et al., 2009). The study area is entirely situated 
in the internal domain, and it is limited by the 
east-dipping, basement-seated Zapata thrust to 
the west and the Toro thrust to the east. Within 
the internal domain, the main frontal structures 
are indicated by N-S–trending, west-dipping 
thrusts, back thrusts, and series of anticlines and 
synclines (e.g., Winslow, 1981; Wilson, 1983, 
1991; Altenberger et al., 2003). The Río Rincon 
anticline marks the early Paleogene frontal thrust 
into the foreland basin (Fosdick et al., 2011).
In the westernmost part of the study area, the 
Tobífera and Zapata Formations are broadly 
folded and thrusted and have undergone low-
grade metamorphism (Wilson, 1991; Hervé 
et al., 2007). East-directed large-scale thrusting 
gradually progressed toward the foreland. West 
of the Torres del Paine intrusive complex, a shal-
lowly west-dipping detachment of the Zapata 
thrust between the Zapata and Tobífera Forma-
tions exhibits top-to-the-east shear sense and re-
verse drag (Wilson, 1983; Fosdick et al., 2011). 
Generally, the Tobífera thrust is postulated to be 
a foreland-dipping duplex (Wilson, 1983).
Lower and initial Upper Cretaceous units in 
the western part of the study area, i.e.,  Zapata 
and Punta Barrosa Formations, are tightly 
folded, thrust-faulted, and mostly upright plung-
ing to the east (Fig. 3C; e.g., Wilson, 1991). In 
the eastward-adjacent foreland-vergent imbri-
cate thrust zone, younger stratigraphic units 
(i.e., Cerro Toro Formation) are less deformed 
and are characterized by broad kilometer-scale 
folds plunging <10° to NNW (e.g., Altenberger 
et  al., 2003). An abrupt change in the wave-
length and amplitude of the Silla syncline can be 
observed between the folded sedimentary strata 
separated by the Lago Nordenskjöld fault zone 
(Figs.  3A and 3B; Altenberger et  al., 2003). 
The Punta Barrosa Formation is displaced atop 
of the Cerro Toro Formation by the Río Nutria 
thrust sheet, which was first mapped by Cortés 
(1964). Wilson (1983) and Skarmeta and Cas-
telli (1997) described its prolongation south of 
the Torres del Paine intrusive complex. Ghig-
lione et al. (2009) introduced an E-W–striking 
transfer fault transecting the Torres del Paine 
intrusive complex to accommodate along-strike 
variations.
SAMPLING STRATEGY, MATERIAL, 
AND ANALYTICAL METHODS
The field work and sampling strategy were 
broadly conceived to cover a regionally mean-
ingful set of samples. Locations close to as-
sumed thrust zones were additionally sampled 
because they are prone to give information about 
thrust-related exhumation and associated cool-
ing. Sampling was confined to dark-gray–black 
pelitic shales, also referred to as mudstone in the 
study area (Fig. 4). This lithology is superior to 
other lithologies such as sandstone in recording 
recrystallization and deformation during fold-
and-thrust belt formation. In slates and shales, 
clay minerals are oriented parallel to S0 and 
have undergone compaction. During tectonic 
horizontal shortening, clay minerals crystallized 
along the developing cleavage S1, and the shale 
fractured along S0 and S1 into pencil-shaped 
units. This pencil cleavage (Figs. 4A, 4B, and 
4C) is an important field indicator for incipient 
metamorphism and deformation.
In total, 23 metapelitic samples belonging to 
the stratigraphic units of the Tobífera, Zapata, 
Punta Barrosa, and Cerro Toro Formations were 
prepared for microscopic, diffraction, and iso-
topic analyses (Tables  1 and 2). Sample loca-
tions with respect to stratigraphic formations 
and tectonic setting are reported in Table  1. 
All analytical details can be found in the Data 
 Repository.1
The metapelitic samples were crushed, 
sieved, and separated by centrifugation accord-
ing to their grain size following the procedure 
described by Moore and Reynolds (1997). The 
different grain-size fractions (<0.2, <2, and 
2–6 μm) were subjected to X-ray diffraction 
(XRD), K-Ar dating, and transmission electron 
microscopy (TEM). The XRD measurements 
were performed at the University of Geneva. 
The diffractograms were used for qualitative 
phase determination (HighScore Plus), de-
termination of the illite crystallinity and  illite 
peak decomposition (Newmod© on [001] 
peak), and the quantification of illite polytypes. 
The TEM analysis was performed on single 
illite grains in the laboratory of the Swiss 
Accident Insurance Fund (SUVA, Lucerne, 
Switzerland). The K-Ar dating on different 
 illite fine fractions was carried out at the Uni-
versity of Göttingen using a Thermo Scientific 
 ARGUS VI mass spectrometer. The K-content 
was determined by flame photometry. Optical 
 microscopy and secondary scanning electron 
microscopy (SEM) were performed at the Uni-
versity of Geneva on polished thin sections in 
order to study the textural relationship of dif-
ferent illite generations.
X-Ray Diffraction Study
The illite crystallinity, or KI value, was 
used to determine the metamorphic grade by 
measuring the full width at half maximum 
(FWHM) of the illite (001) peak at 10 Å in 
Δ°2Ɵ (Kübler, 1964, 1967). The illite crystal-
linity is a function of the crystallite thickness, 
the amount of crystal defects, and the peak 
interference with illite-smectite interlayering 
(Merriman et  al., 1990; Ferreiro Mählmann 
et  al., 2012). Limits between fields of dia-
genesis, the anchizone and epizone, are given 
by 0.42 Δ°2Ɵ and 0.25 Δ°2Ɵ, respectively 
(Kübler, 1967). The anchizone is subdivided 
into the low (0.42–0.30 Δ°2Ɵ) and high anchi-
zone (0.30–0.25 Δ°2Ɵ). The limit between 
high and low epizone is defined by 0.2 Δ°2Ɵ. 
The anchizone is generally assigned to a tem-
perature range between 200  °C and 300  °C 
(e.g., Merriman and Frey, 1999).
Illite Peak Decomposition
The 10 Å illite peak can be decomposed into 
a well-crystallized illite (WCI), a poorly crys-
tallized illite (PCI), and, under diagenetic con-
ditions, also into an illite-smectite component 
(I/S). The PCI component usually contains <5% 
smectite, whereas the WCI is almost pure illite. 
The I/S component is an illite-rich mixed-layer 
phase with usually >95% illite.
1GSA Data Repository item 2017371, XRD and 
K-Ar analytical procedures, is available at http:// 
www .geosociety .org /datarepository /2017 or by re-
quest to editing@ geosociety .org.
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Illite Polytype Quantification
Generally, three illite polytypes can be dis-
tinguished: 1Md, 1M, and 2M1 (e.g., Środoń 
and Eberl, 1984). With increasing tempera-
ture, illite polytypes undergo a transformation 
from 1Md via 1M to ultimately 2M1 illite (e.g., 
(Hunziker et  al., 1986). Temperature estima-
tions for 1Md/1M formation are thought to be 
<200–210 °C, whereas 2M1 is formed at tem-
peratures >280 °C (Yoder and Eugster, 1955; 
Velde, 1965; Weaver, 1989). The transforma-
tion of 2M1 to 1M/1Md illite during retro-
grade metamorphism (i.e., cooling) occurs 
less frequently (e.g., Zhao et al., 1999; Abad 
et al., 2003).
Fundamental Concept of K-Ar Dating and 
Detrital Age Calculation
Illite, as a K-bearing clay mineral, is widely 
used for K-Ar and 40Ar/39Ar geochronology and 
has proven to be an important tool in decipher-
ing diagenetic and low-grade metamorphic 
events (e.g., Clauer and Chaudhuri, 1995; Dong 
et al., 1997; Dong et al., 2000). K-Ar ages and 
their equivalent 40Ar/39Ar total-gas-fusion ages 
(encapsulated) assume that there is no K at 
sites that are not Ar-retentive (i.e., crystal sur-
faces or crystal defects). Because this assump-
tion is not always valid, K-Ar ages have to be 
regarded as minimum ages. According to Dong 
et al. (1995, 1997) and Fitz-Díaz et al. (2016), 
40Ar/39Ar retention ages account for K that may 
not contribute to the accumulation of 40Ar (i.e., 
K present in exposed half layers, smectite lay-
ers, and dislocations) and should be considered 
as maximum ages. The K-Ar dating technique 
relies on closed-system behavior, assuming 
that neither loss nor gain of 40Ar or 40K has oc-
curred since illite formation. The K-Ar closing 
temperature for illite fine fractions (<0.2 μm, <2 
μm) is poorly constrained to date. Early studies 
reported a closure temperature interval (end of 
significant diffusion of 40Ar) for mica fractions 
(<2 μm) in the order of 260 ± 30 °C (Hunziker 
et  al., 1986). Other authors found indications 
that fine-grained white micas (sericite <2 μm) 
did not behave as an open system, even at tem-
E W
N S
A
Lago Nordenskjöld
felsic dike
Silla syncline
Lago Nordenskjöld Fault Zone
A D
B
C
E
Silla syncline
matrix
deformed metapelitic
clast: sample 14-9
clast
Figure 3. (A) Kilometer-scale open Silla syncline in the Cerro Toro Formation at Lago Nordenskjöld. View is from the base of Mount Almi-
rante Nieto looking south. White arrows point to the dike indicated in B. (B) Schematic sketch of the Silla syncline as in A. The fold axis is 
truncated by a felsic dike. The Lago Nordenskjöld fault zone accommodates along-strike variation in the Silla syncline. The distance be-
tween the shore lines is 1.3 km. (C) Thrust-folded Punta Barrosa Formation at the Sierra Chacabuco/Cordillera Arturo Prat. Different 
styles of folding are observed: conjugate kink-bands, kink-like folds, and chevron folds. Outcrop length = ~1 km. (D) Deformed metapelitic 
clast in the Cerro Toro conglomerate at the western limb of the Silla syncline. Sample 14-9. Hammer length = 28 cm. White arrow points 
stratigraphically upward. (E) Schematic sketch of D.
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peratures of 275  °C (Wemmer and Ahrendt, 
1997). The upper limit of the closure tempera-
ture for mica was constrained to around 350 °C 
(Purdy and Jäger, 1976).
Diagenetic to anchizonal shales often con-
tain a complex mixture of authigenic and de-
trital illites. In shales of this very low-grade 
environment, authigenic illites are reflected by 
the 1M/1Md illite polytype, and detrital illite is 
reflected by the 2M1 illite polytype. As a con-
sequence of the illite polytype mixture, the age 
spectra are usually inclined, with the young-
est age in the finest grain-size fraction and the 
oldest age in the coarsest grain-size fraction 
(Pevear, 1992, 1999). The obtained K-Ar ages 
reflect the different proportions of different 
 illite populations and should be interpreted as 
a mixed age (e.g., Pevear, 1992; Środoń et al., 
2002). Mixed ages might also result from long-
lasting illitization processes related to the burial 
history (Środoń et  al., 2002). The K-Ar ages 
tend to decrease with decreasing grain size. 
This observation has often been attributed to 
the decreasing detrital contamination of smaller 
grain sizes rather than to 40Ar* loss (e.g., Perry, 
1974; Pevear, 1992). In fact, even the smallest 
grain size will always contain some contami-
nation of older polytypes, and the ages have 
to be regarded as maximum ages at first sight. 
Pevear (1992) demonstrated that calculation 
of the “true” diagenetic age and “true” detrital 
age is possible by using the linear relationship 
between the % detrital illite (2M1) and K-Ar 
ages. By plotting the K-Ar ages of at least three 
size fractions of illite against the percentage of 
 detrital illite (2M1), extrapolation to 0% detrital 
illite gives the age of diagenesis, and extrapola-
tion to 100% 2M1 illite gives the age of detrital 
illite formation.
RESULTS
Analytical results are summarized in Table 2.
Modal Rock Composition
Most samples show a very homogeneous 
mineral composition, with illite as the most 
prominent clay mineral (Table 2). Albite, chlo-
rite, and quartz are frequent mineral phases. 
Plagioclase appears most frequently as albite. 
Patches of An-rich plagioclase within albite 
are relicts of incomplete albitization. Chlorite 
occurs as clinochlore or chamosite and oc-
A C
E
B
B
D
14-1
14-1 14-35 14-29
15-4
Figure 4. Examples of typical rock lithologies. (A) Pencil-shaped sample 14-1 from the Punta Barrosa Formation. Pocketknife for scale = 
8.5 cm. (B) Close-up of sample 14-1 as indicated in A; pocketknife for scale = 8.5 cm. (C) Pencil-shaped black metapelite of the Cerro Toro 
Formation. Mirador Lago Sarmiento. Sample 14-35. Pocketknife for scale = 8.5 cm. (D) Outcrop of sample 15-4 located east of Laguna 
de los Tres, Zapata Formation. Hammer length = 28 cm. (E) Road cut close to sample location 14-29 at the entrance “Guarderia Laguna 
Amarga,” Cerro Toro Formation. Hammer length = 60 cm.
TABLE 1. COMPILATION OF ANALYZED SAMPLES WITH THEIR RESPECTIVE 
LOCALITIES, LITHOLOGY, AND STRATIGRAPHIC INFORMATION
Sample ID UTM 18S Lithology
Stratigraphic 
formation Tectonic setting
14-1 0648871 4318572 Metapelite Punta Barrosa Thrust zone with maximum rock uplift
14-6 0642825 4332968 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-7 0643918 4333779 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-9 0643448 4333592 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-11 0629175 4334443 Metapelite Cerro Toro Thrust zone with maximum rock uplift
14-15 0656071 4344726 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-21 0659707 4361604 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-29 0654794 4350359 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-35 0649435 4344518 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-38 0641688 4322630 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-43 0700747 4333238 Metapelite Cerro Toro Thrust zone with maximum rock uplift
14-46 0666468 4287315 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-55 0660345 4341604 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-63 0647592 4353236 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
14-71 0633043 4340985 Metapelite Punta Barrosa Thrust zone with maximum rock uplift
14-72 0633306 4340357 Metapelite Punta Barrosa Thrust zone with maximum rock uplift
14-75 0641118 4339153 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
15-4 0620955 4336994 Metapelite Zapata Thrust zone with maximum rock uplift
15-21 0641861 4322337 Metapelite Punta Barrosa Thrust zone with maximum rock uplift
15-29 0647346 4311214 Metapelite Tobífera Thrust zone with maximum rock uplift
16-4 0662106 4364353 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
16-12 0647651 4350213 Metapelite Cerro Toro Foreland-vergent imbricate thrust zone
16-22 0633950 4302218 Metapelite Punta Barrosa Thrust zone with maximum rock uplift
Note: Universal Transverse Mercator (UTM) Zone 18S.
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casionally as pennantite. Biotite is generally of 
detrital origin. A few diagenetic to anchizonal 
samples show illite-smectite and chlorite-smec-
tite inter layering. More psammitic samples, 
which experienced higher anchimetamorphic 
conditions, display newly grown epidote. Apa-
tite, zircon, Ti-oxide phases, calcite, halloysite, 
and pyrite occur frequently as accessory miner-
als. Rare allanite, monazite, and sphalerite are 
present, sometimes newly formed along (001) 
planes during the chloritization of detrital bio-
tite. Fine dispersed organic matter is present in 
various proportions. A general trend of decreas-
ing quartz and increasing clay mineral content 
is observed from coarse- to fine-grained size 
fractions.
Optical Microscopy, SEM, and TEM
Secondary electron and optical microscopy 
revealed textures typical for diagenetic/low-an-
chizonal to epizonal conditions (Figs. 5 and 6). 
Diagenetic to anchizonal samples exhibit up 
to four distinct illite occurrences: (1) illite oc-
curring in grain interstices and/or in porous 
interspaces assigned to diagenesis (Fig.  6A); 
(2) arbitrarily oriented illite in the matrix or 
in miarolitic cavities corresponding to syn- or 
postdiagenetic growth (Figs. 5A, 6A, and 6B); 
(3) oriented illite growing on foliation planes, 
suggesting a synkinematic origin (Fig. 6C); and 
(4) recrystallized illite along rims of detrital 
mica occurring during prograde and retrograde 
metamorphism (Figs.  5B and 6E). Detrital 
 micas are recognized based on their elongated 
crystal shape, which differ conspicuously in ap-
pearance from the micaceous matrix minerals 
(Figs. 5B, 6A, and 6D). The detrital micas often 
feature diagenetic bending and recrystallized 
rims of either illite or chlorite, which may ex-
hibit interstratification (Figs. 5B and 6E). Well-
crystallized illites (2M1) are characterized by 
their platy habit as observed in SEM (Fig. 7B). 
Occasionally, authigenic zoned illite indicates a 
polyphase growth (Fig.  5C). Detrital biotite is 
frequently altered into chlorite and is associated 
with newly formed allanite, monazite, titanite, 
and sphalerite along its (001) planes (Fig. 6A). 
Spheroidal clusters of polyframboidal pyrite 
TABLE 2. MINERALOGY, POLYTYPES, ILLITE CRYSTALLINITIES, AND K/Ar AGE DATA FOR DIFFERENT GRAIN-SIZE FRACTIONS
Sample 
ID
Size
(µm)
Mineralogy Illite polytype 
(%)
10 Å illite peak 
decomposition
Illite
crystallinity K2O
(wt%)
40Ar*
(nL/g, 
@STP)
40Ar*
(%)
Age
(Ma)
±2σ
(Ma) Interpretation EventQz Ill I/S Chl C/S Plg Others 1Md/1M 2M1 WCI PCI I/S KICis KIKü
14-1 <0.2 +++ +++ + + – ++ kln(o), ttn(o) 37 63 35 53 12 0.30 0.26 5.52 10.46 90.66 57.8 0.7 Cooling age 3
<2 +++ +++ + ++ – ++ kln(o), ttn(o) 25 75 59 17 24 0.29 0.25 4.99 10.36 90.60 63.2 1.2 Cooling age 3
14-6 <2 +++ ++ + ++ – ++ bt(o) 69 31 25 63 12 0.41 0.36 2.85 8.14 92.01 86.4 0.9 Mixed age 1
14-7 <0.2 ++ +++ + ++ + + 85 15 24 69 7 0.38 0.32 5.28 12.77 91.10 73.4 1.8 Mixed age 1
<2 ++ ++ + ++ ++ ttn(o) 57 43 17 71 12 0.40 0.34 4.28 12.72 91.68 89.9 1.8 Mixed age 1
2–6 +++ ++ – ++ – ++ 25 75 25 67 8 0.31 0.27 2.69 10.70 90.44 119.5 2.3 Mixed age
14-9 <2 +++ ++ – ++ ++ ttn(o) 19 81 60 31 9 0.29 0.24 4.13 13.46 92.32 98.3 1.2 Cooling age 1
14-11 <0.2 +++ + + ++ + + 85 15 32 50 18 0.41 0.35 5.06 9.14 81.58 55.1 0.7 Maximum age 4
<2 +++ ++ + ++ o ++ 80 20 52 35 13 0.33 0.29 3.63 7.90 79.94 66.2 1.4 Mixed age
14-15 <0.2 +++ ++ + ++ + kln(o) 81 19 20 58 22 0.35 0.3 4.8 9.73 90.34 61.9 0.7 Maximum age 3
<2 +++ + + ++ + kln(o) nd nd 36 44 20 0.38 0.33 3.6 9.49 90.08 79.9 1.8 Mixed age 2
14-21 <0.2 +++ ++ ++ ++ + + ant(o) 82 18 14 50 36 0.57 0.49 5.11 11.17 86.92 66.5 0.8 Maximum age 3
<2 +++ ++ + ++ + ++ 62 39 21 52 27 0.45 0.41 4.2 11.13 87.81 80.3 2.8 Mixed age 2
14-29 <0.2 +++ ++ ++ +++ ++ o kln(o) 70 30 15 59 26 0.59 0.5 5.7 10.89 90.75 58.3 0.6 Maximum age 3
<2 +++ +++ + +++ – + kln(o) 59 41 39 34 27 0.35 0.31 4.48 11.37 91.35 77 1.2 Mixed age 2
14-35 <0.2 +++ ++ + ++ ++ 81 19 40 35 25 0.5 0.43 4.69 9.58 91.23 62.2 3.5 Maximum age 3
<2 +++ ++ + ++ o ++ 63 37 50 31 19 0.37 0.32 3.63 9.58 89.97 80 1.3 Mixed age 2
14-38 <0.2 +++ + + ++ o ++ kln(o) 74 26 19 61 20 0.33 0.28 4.98 10.97 92.32 67.1 0.8 Maximum age 3
<2 +++ ++ + ++ – ++ nd nd 29 54 19 0.41 0.35 3.81 10.57 89.82 84 1.1 Mixed age 2
14-43 <0.2 +++ ++ + ++ + + bt(o), kln(o) 86 14 33 56 11 0.35 0.31 5.73 8.63 90.03 46.2 0.6 Maximum age 4
<2 +++ ++ + ++ o ++ bt(o) 84 16 32 65 3 0.38 0.33 4.19 7.59 90.45 55.3 1.1 Cooling age 4
2–6 +++ ++ – ++ – ++ bt(o) 63 37 nd nd nd 0.27 0.23 2.37 5.70 91.64 73.1 1.1 Mixed age
14-46 <0.2 +++ ++ + ++ o + bt(o) 73 27 22 25 53 0.55 0.47 5.39 10.97 90.89 62.1 0.7 Maximum age 3
<2 +++ ++ + ++ o ++ 67 34 33 32 35 0.48 0.41 4.04 10.77 92.05 80.8 1 Mixed age 2
2–6 +++ ++ o ++ – +++ 60 40 nd nd nd 0.3 0.26 2.24 9.43 91.43 126.3 2 Mixed age
14-55 <0.2 +++ ++ + ++ + ant(o) 72 28 14 59 27 0.8 0.67 5.8 10.35 79.60 54.5 1.1 Maximum age 3
<2 +++ ++ + ++ – + bt(o) 63 37 36 57 7 0.36 0.31 3.9 10.47 85.64 81.5 1.1 Mixed age 2
14-63 <0.2 +++ ++ ++ ++ + ++ bt(o) 86 14 29 44 27 0.42 0.37 4.72 9.71 91.81 62.7 1 Maximum age 3
<2 +++ ++ + ++ + ++ bt(o) nd nd 39 46 15 0.38 0.33 4.07 10.76 92.14 80.1 1.1 Mixed age 2
2–6 +++ ++ + ++ – ++ bt(o) nd nd 51 49 0 0.3 0.26 2.38 8.91 93.28 112.4 1.7 Mixed age
14-71 <2 ++ +++ o ++ – ++ 73 27 55 32 13 0.32 0.28 4.02 7.01 77.99 53.3 1.1 Maximum age 4
14-72 <0.2 ++ ++ + ++ o ++ 90 10 nd nd 0.41 0.35 6.25 9.74 92.82 47.6 1.5 Cooling age 4
<2 ++ +++ + ++ – ++ 73 27 36 56 8 0.41 0.36 5.29 10.56 93.36 60.8 1.1 Cooling age 3
2–6 +++ ++ + ++ – ++ py(o) 46 55 nd nd nd 0.29 0.24 3.09 8.77 93.94 85.9 1.3 Mixed age
14-75 <0.2 ++ ++ ++ ++ + + kln(o) 92 8 30 56 14 0.4 0.34 5.57 10.56 91.14 57.8 0.6 Cooling age 3
<2 +++ ++ + ++ + ++ ttn(o) 63 38 33 50 17 0.42 0.36 4.18 10.59 90.01 76.9 1.3 Mixed age 2
2–6 +++ + – ++ +++ ttn(o), py(o) 23 78 nd nd nd 0.25 0.22 2.45 9.45 90.65 115.8 1.8 Mixed age
15-4 <0.2 ++ +++ o o 24 76 49 43 8 0.29 0.24 8.15 12.56 79.09 47.2 0.6 Cooling age 4
<2 +++ +++ – o – o glt(o) 18 82 87 13 0 0.2 0.17 8.02 14.06 81.18 53.6 0.9 Cooling age 4
15-21 <2 +++ ++ – ++ – + 26 74 58 42 0 0.25 0.22 5.82 8.86 87.86 46.5 5.2 Cooling age 4
15-29 <2 +++ + – +++ – ++ bt(o) 21 79 68 32 0 0.26 0.23 2.36 4.22 39.20 54.6 1.4 Cooling age 4
16-4 <2 +++ ++ + +++ + ++ py(o) 69 31 12 54 35 0.57 0.48
16-12 <2 ++ +++ + ++ + + kln(o) 72 28 35 53 13 0.35 0.31
16-22 <2 +++ ++ – +++ – ++ ttn(o) 9 91 74 26 0 0.25 0.22
Note: Mineral abbreviations: Qz—quartz; Ill—illite; I/S—illite-smectite interlayering; Chl—chlorite; C/S—chlorite-smectite interlayering; Plg—plagioclase; kln—kaolinite; 
ttn—titanite; bt—biotite; py—pyrite; ant—anatase; glt—glauconite; +++—major component; ++—significant component; +—minor component; o—present in traces; “–“ 
—not identified. Phase identification is based on X-ray diffraction. 1Md (d—disordered), 1M and 2M1 are illite polytypes with different degrees of disorder in their stacking 
sequence. WCI—well-crystallized illite; PCI—poorly crystallized illite; I/S—illite-smectite interlayering; KICis—Kübler index calibrated on Cis limits; KIKü—Kübler index 
calibrated on Kübler limits. 40Ar*—radiogenic argon; STP—standard pressure and temperature conditions; nd—not determined. (1) Early Cenomanian (98 Ma)—Illite
formation during beginning of fold-and-thrust belt formation. (2) Early Campanian (ca. 80 Ma)—Illite growth during diagenesis and burial metamorphism. (3) Early
Paleocene (ca. 60 Ma)—Illite formation during thrusting. (4) Early Eocene (ca. 55–46 Ma)—Illites affected by uplift processes.
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composed of micron-sized euhedral crystals 
are frequently present in late diagenetic to low-
anchizonal samples (Fig. 6F). High-anchizonal 
to epizonal samples show recrystallization to a 
more homogeneous pyrite crystal (Fig. 5D).
Based on the K-Ar results and their regional 
position within the thrust zone of maximum 
rock uplift, two samples were selected for TEM 
study: 14-1 (<2 μm) and 15-21 (<0.2 μm). The 
TEM images reveal new growth of 1M illite 
(Figs. 7A, 7C, and 7D) and the presence of 2M1 
illite (Fig. 7C). With respect to the epizonal tem-
peratures in both samples, the 1M illite is inter-
preted as a retrograde phase. The lattice fringe 
image of sample 14-1 depicts a 7 Å spacing, 
typical for kaolinite, at the mineral rim of a 1M 
illite. The kaolinite replacing illite is interpreted 
as a late-stage low-temperature alteration event.
KI and 10 Å Peak Decomposition
The KI for 23 metapelites was determined in 
the <0.2 μm and <2 μm clay fractions. The data 
range from 0.24 to 0.67 Δ°2Ɵ in the <0.2 μm and 
0.17–0.48 Δ°2Ɵ in the <2 μm fraction ( Table 2). 
The values indicate diagenetic to high anchi-
meta morphic conditions with occa sional lower 
epizonal values (Fig. 8). A decreasing trend of 
metamorphic conditions is observed toward the 
foreland basin located in the east. Diagenetic 
values are observed in the eastern part of the 
study area (Laguna Azul) at the stratigraphically 
uppermost part of the Cerro Toro Formation. 
Samples of the Cerro Toro Formation generally 
depict anchi metamorphic conditions regard-
less of their stratigraphic position. For instance, 
samples located on a 20-km-long, E-W–trend-
ing corridor confined by the Lago Nordenskjöld 
and Lago Sarmiento (samples 14-75, 14-35, 
14-38, 14-15) show constant low-anchizonal 
conditions with KI values between 0.30 and 
0.36 Δ°2Ɵ in the <2 μm fraction (Fig. 8). Sam-
ples located in the  western part of the study 
area show dominantly high-anchizonal to low-
epizonal KI values. The highest metamorphic 
degrees are observed in samples of the Zapata 
Formation located in the west of the study area: 
east of the Laguna de los Tres (sample 15-4) and 
in the Punta  Barrosa and  Tobífera Formations 
close to the fold axis of the Río Rincon anticline 
(samples 14-1, 15-21, 15-29, and 16-22; Fig. 8).
Illite peak decomposition reveals WCI and 
PCI as principal components. The proportion 
of WCI/PCI correlates well with the KI values 
(Fig. 9). The amount of WCI is highest in epizonal 
A
15-29 14-46
14-71 14-72
B
C D
100 μm 10 μm
10 μm 10 μm
Illite
Chlorite
Recrystallization
of framboidal
pyrite
Figure 5. Photomicrographs showing representative illites from different metamorphic conditions. (A) Clay minerals filling a miarolitic 
cavity. The filling often starts with well-crystallized illite, indicated by higher interference colors at the rims, and continues with well-
crystallized chlorite; combination of reflected light, crossed nicols (+N), and oil immersion; sample 15-29. (B) Detrital muscovite with 
recrystallized rims (indicated by white arrows) in a diagenetic sample; +N; sample 14-46. (C) Zonation of authigenic illite; +N and oil 
immersion; sample 14-71. (D) Recrystallization of framboidal pyrite developing first crystallographic planes visible at grain edges (white 
arrow); reflected light; sample 14-72.
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rocks and decreases under anchizonal conditions. 
The WCI component ranges from 12% to 87%, 
and the PCI component varies between 13% and 
71% (Table 2). Generally, I/S interlayering occurs 
in amounts of less than 25%. In anchizonal sam-
ples, WCI and PCI show about equal distribution, 
occasionally slightly shifted in favor of PCI.
K-Ar Ages
K-Ar ages were obtained for the <0.2 μm and 
<2 μm clay fractions as well as for six samples 
from the 2–6 μm fraction of 20 metapelitic 
samples (see Data Repository for analytical de-
tails [footnote 1]). The K2O content ranges from 
2.24 to 8.15 wt%, and the radiogenic Ar (*Ar) 
content samples from 39.2% to 93.9%, indicat-
ing reliable analytical conditions (Table  2). A 
general trend of decreasing age with decreasing 
grain size is observed (Fig. 10). The K-Ar ages 
vary between 73.4 ± 1.8 Ma and 46.2 ± 0.6 Ma 
in the <0.2 μm size fraction, between 98.3 
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Figure  6. Backscattered and 
secondary electron microscope 
(BEM, SEM) images: (A) Fine-
grained authigenic illite in 
the matrix and detrital micas. 
Sample 14-35. (B) Arbitrarily 
oriented illite growing in a 
cavity of albite. Sample 14-43. 
(C) Beginning alignment (N-S) 
of phyllosilicates along the 
cleavage plane in a matrix of 
coarser-grained detrital grains. 
Sample 14-11. (D) Texture of an 
anchizonal metamorphic sam-
ple. No preferred orientation of 
authigenic illite is observed. De-
trital muscovite and biotite are 
indicated by the white arrows. 
Sample 14-35. (E) Recrystal-
lization of a detrital muscovite 
outlined by the white dashed 
line. The newly crystallized illite 
and illite/smectite are merging 
into the matrix. Sample 14-11. 
(F) SEM image of framboidal 
pyrite in a low-anchizonal sam-
ple. Sample 14-75. Alb—albite, 
ILL—illite, I/S—illite/smectite.
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± 1.2 Ma and 46.5 ± 5.2 Ma in the <2 μm size 
fraction, and between 126.3 ± 2.0 Ma and 73.1 
± 1.1 Ma in the 2–6 μm illite fraction (Table 2; 
Figs. 11A and 11B). The age spread within dif-
ferent size fractions of a single sample can be 
considerably variable, ranging from 5 to 60 m.y. 
(Table 2; Fig. 11B). The probability age distri-
butions shown in Figure 10 reveal five discrete 
age populations that vary with grain size. In the 
first group, samples of the Cerro Toro Formation 
(n = 4) yielded K-Ar ages between ca. 130 Ma 
and 115  Ma in their 2–6 μm fraction. A sec-
ond peak (n = 1) was recorded by sample 14-9, 
yielding a K-Ar age in the <2 μm fraction of 
98.3 ± 1.2 Ma; it is thus older than comparable 
metapelitic samples from the same succes-
sion (samples 14-7 and 14-6). This sample is a 
metapelitic clast in the Cerro Toro conglomerate 
in the Silla syncline (Figs. 3D and 3E). A third 
group (n = 11) yielded ages around 80 Ma in the 
<2 μm fraction. These samples were located in 
1 μm20 nm
B
20 nm20 nm
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1M illite
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Figure 7. Transmission and secondary electron microscope (TEM, SEM) images of different illite polytypes: (A) Lattice fringe 
image of 1M illite (10 Å spacing). The lattice fringes bracketed by the white arrows have a 7 Å spacing characteristic for kaolinite. 
Selected area diffraction pattern in the upper-left corner reveals a dominant 1Md illite with minor 2M1 ordering. Inverted 
image contrast. Sample 14-1, <2 μm fraction. (B) SEM image of platy 2M1 illite. Sample 14-11. (C) TEM image with lattice 
fringes of ordered 2M1 and disordered 1M illite. Sample 15-21, <0.2 μm fraction. (D) Lattice fringe image of 1M illite. The lat-
tice fringes are long and straight. Sample 15-21, <0.2 μm fraction.
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the foreland-vergent imbricate thrust zone and 
belong to the Cerro Toro Formation (samples 
14-15, 14-21, 14-29, 14-35, 14-38, 14-46, 14-
55, 14-63, and 14-75; Fig. 11A). A fourth group 
of samples (n = 11) yielded ages of ca. 60 Ma in 
either both grain-size fractions or solely in the 
smallest <0.2 μm fraction. They included sam-
ples 14-1 and 14-43 of the Punta Barrosa For-
mation, located in the vicinity of thrust zones, as 
well as the <0.2 μm fraction of samples located 
in the foreland-vergent imbricate thrust zone 
(Fig. 11A). The last group of samples (n = 7) 
displayed ages around 45 Ma to ca. 55 Ma in 
either both or one grain-size fraction (<0.2 μm, 
<2 μm; Figs. 11A and 11B). The youngest sam-
ples were found in the western part of the study 
area, east of Laguna de los Tres (15–4), 200 m 
below the summit of Cerro Ferrier (14-11), in 
the hinge zone (15-29) and along the western 
limb (15-21) of the Río Rincon anticline, and 
in the vicinity of the Río Nutria thrust south of 
the  Torres del Paine intrusion (samples 14-43, 
14-71, and 14-72).
The K-Ar ages of three illite size fractions of 
samples 14-7 and 14-75 were plotted against the 
percentage of detrital 2M1 illite in order to esti-
mate their “true” detrital and “true” authigenic 
age (Fig.  12). Both samples originated from 
the Cerro Toro Formation located in the Silla 
syncline (Figs.  8 and 11). According to Crane 
and Lowe (2008), they are part of the Pehoe B 
member and probably have a stratigraphic age 
between 89.5 ± 1.9 Ma and 81.8 ± 3.7 Ma (Bern-
hardt et al., 2012; see Fig. 2). Extrapolating the 
2M1 content to 100% yields a maximum detrital 
age of 134–138 Ma, whereas extrapolating to 0% 
2M1 covers a time span for the authigenic  illite 
between 60 and 50 Ma for the Silla syncline.
SYNTHESIS OF OBSERVATIONS AND 
INTERPRETATION OF K-Ar AGES
Four distinct periods of illite growth were 
identified based on their K-Ar ages and de-
gree of regional metamorphism: (1) early 
Cenomanian illite crystallization (98  Ma), (2) 
widespread early Campanian diagenetic illite 
growth during long-lasting illitization processes 
(ca. 80 Ma), (3) significant period of illite for-
mation in the early Paleocene (ca. 60 Ma), and a 
(4) late stage of illite growth in the early Eocene 
(55–46 Ma). These thermal events, responsible 
for illite crystallization, will be discussed within 
the framework of basin evolution and thrust 
propagation toward the foreland.
Based on the K-Ar fine fraction ages and KI 
values, we propose to subdivide the internal 
domain into a western thrust zone with maxi-
mum rock uplift and an eastern foreland-vergent 
imbri cate thrust zone (Figs. 8 and 11).
(1) Early Cenomanian (98 Ma)—
Illite Formation during Initial 
Fold-and-Thrust Belt Formation
Indications for the onset of deformation were 
found in a deformed metapelitic clast (sample 
14-9) within the Cerro Toro conglomerate ( Pehoe 
B member) in the Silla syncline (Figs. 3D, 3E, 
10, 11A, and 12, column A). The conglomerate 
was deposited in a channel system immediately 
east of the active thrust front of the Patagonian 
orogenic belt (Crane and Lowe, 2008).
The mineral composition consists of illite, 
plagioclase (mainly Ab with minor An relicts), 
quartz, chlorite, and minor titanite. A domi-
nance of illite/muscovite and chlorite can be ob-
served in the <2 μm fraction (Table 2). The de-
formed metapelitic clast yielded an age of 98.3 
± 1.2 Ma in the <2 μm fraction (Table 2). The 
KI value of 0.24 Δ°2ϴ in the same grain-size 
fraction places the sample in the lower epizone, 
suggesting temperatures close to 300  °C. The 
relatively high temperature is in good agree-
ment with the observed absence of clay mineral 
interstratification in the <2 μm fraction. Con-
sequently, the age should be interpreted as the 
cooling age, and any mixing between a detrital 
and an authigenic component can be excluded. 
Remarkably, this sample differs substantially in 
age and KI value from samples (14-7 and 14-6) 
taken in stratigraphically deeper metapelitic 
units of the Silla syncline (lithologic unit IIImd 
according to Crane and Lowe, 2008). For com-
parison, these samples yielded anchizonal KI 
values in the <2  μm fraction (0.34 and 0.36 
Δ°2ϴ) and slightly younger mixing ages of 89.9 
±  1.8  Ma and 86.4 ±  0.9  Ma, respectively. In 
this context, the epizonal conditions preserved 
in the deformed metapelitic clast (sample 14-9) 
are considered as inherited from the source area. 
Remarkably, but not unexpectedly, this sample 
preserved its epizonal metamorphic conditions 
within the surrounding regional anchizonal 
rocks. The absence of any response to the sur-
rounding low-grade metamorphic conditions is 
most likely explained by the protected location 
(i.e., stress shadow) of the clast. Comparable ob-
servations of source area–derived K-Ar ages in 
phyllitic clasts from an anchizonal conglomerate 
in the northern Rhenish Massif (Belgium/Ger-
many) were reported by Ahrendt et al. (2001).
The Cenomanian age (98.3 ±  1.2  Ma) of 
the deformed metapelite (sample 14-9) is sig-
nificantly older than the stratigraphic age of the 
conglomerate. According to Bernhardt et  al. 
(2012), the deposition of the Cerro Toro Forma-
tion within the Silla syncline is slightly younger 
than the Sr isotopic age of 87.5 ± 03 Ma and the 
U/Pb volcanic ash zircon age of 89.5 ± 1.9 Ma 
(Fig. 2). A U/Pb age of 81.8 ± 3.7 Ma on de-
trital zircons constrains the upper limit of the 
stratigraphic age (Bernhardt et al., 2012; Fig. 2). 
Hence, the clast is unlikely to have a Cerro 
Toro Formation origin, but belongs instead to 
an older reworked stratigraphic unit (i.e., Punta 
Barrosa or Zapata Formation). In this geologi-
cal context, the age of 98.3 ±  1.2  Ma records 
a thermal event or an episode of thrusting and 
unroofing in the hinterland.
(2) Early Campanian (ca. 80 Ma)—
Illite Growth during Diagenesis and 
Burial Metamorphism
Authigenic illite formed during long-lasting 
burial illitization processes is present in the 
Cerro Toro Formation located in the foreland-
vergent imbricate thrust zone (samples 14-15, 
14-21, 14-29, 14-35, 14-38, 14-46, 14-55, 
14-63, and 14-75; Figs. 10, 11A, and 11B). The 
K-Ar results of the <2 μm fraction are discussed 
next; the results obtained for the corresponding 
Figure 8 (on following page). (A) Geologic map of the study area in the Ultima Esperanza 
District with the Kübler index (KI) results of the glycolated <2 μm fraction showing a de-
creasing metamorphic degree from west to east. Based on K-Ar fine fraction ages and KI 
values, the internal domain is subdivided into a western thrust zone with maximum rock 
uplift and an eastern foreland-vergent imbricate thrust zone. Limits between fields of dia-
genesis, anchizone and epizone, are given by 0.42 Δ°2Ɵ and 0.25 Δ°2Ɵ, respectively (Kübler, 
1967). The anchizone is subdivided into low (0.42–0.30 Δ°2Ɵ) and high anchizone (0.30–0.25 
Δ°2Ɵ). The limit between high and low epizone is defined by 0.2 Δ°2Ɵ. Sample 14-46 is lo-
cated off the map to the south at the shoreline of Lago Sofia. Map is modified from Fosdick 
et al. (2011). (B) Schematic cross section as indicated in A, showing the metamorphic pat-
tern in relation to thrust location and stratigraphic position. Note that KI values next to the 
thrust change due to different stratigraphic levels placed next to each other. All units are 
given in Δ°2Ɵ. Structural section is modified from Ghiglione et al. (2009) and Fosdick et al. 
(2011). (C) Schematic cross section as indicated in A, showing the metamorphic pattern in 
relation to the Río Rincon anticline. All units are given in Δ°2Ɵ. Structural section is modi-
fied from Fosdick et al. (2011).
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<0.2 μm fraction are discussed in the section 
“Early Paleocene (ca. 60 Ma).”
The low-grade, metapelitic mineral assem-
blage is dominated by illite/muscovite, albite, 
quartz, detrital biotite, and chlorite (mainly of 
chamositic composition). Carbonate clasts, 
framboidal pyrite, titanite, apatite, monazite, 
sphalerite, and zircon are additional minor com-
ponents. Backscattered electron (BSE) images 
reveal textures typical for diagenetic to low-
anchi zonal conditions (Figs. 6A and 6D). Nei-
ther preferred orientations of illite growth nor 
other textural or mineralogical indications point 
to elevated temperatures (>250 °C). Optical mi-
croscopy as well as BSE images show the occur-
rence of newly grown illite at the rims of large 
idiomorphic detrital mica grains (Fig.  5B), in 
the matrix (Fig. 6A), and in porous interspaces 
(Fig. 6B). The detrital 2M1 mica, occurring in 
big flakes, shows bending caused by diagenetic 
compaction (Figs.  6A and 6D). Framboidal 
pyrite occurs frequently and is of early diage-
netic origin (Fig. 6F). Its preservation suggests 
the absence of later pyrite recrystallization as 
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 observed in epizonal samples (Fig. 5D) and thus 
is in agreement with the assumed low tempera-
tures. The formation of framboidal pyrite is gen-
erally interpreted to be indicative of low-tem-
perature settings of ~<200 °C (Rickard, 1970; 
Wilkin and Barnes, 1997). KI values of the <2 
μm fraction range between 0.31 and 0.41 Δ°2ϴ 
and indicate mostly low-anchizonal conditions 
with maximum temperatures around 200–
250 °C (Table 2; Fig. 8). These temperatures are 
in good agreement with zircon (U-Th)/He data, 
which indicate burial temperatures >190 °C for 
the uppermost Cerro Toro Formation (Fosdick 
et al., 2013).
K-Ar analyses on this set of samples yielded 
ages of ca.  80  Ma in the <2 μm fraction and 
ca.  60  Ma in the <0.2 μm fraction (Table  2; 
Figs.  11A and 11B). Since the K-Ar ages of 
the <0.2 μm fraction give significantly younger 
ages, the <2 μm ages must be interpreted as 
mixing ages resulting from low-temperature 
authigenic and high-temperature detrital illitic 
components (Figs. 10 and 11B). This interpre-
tation is confirmed by anchizonal metamorphic 
conditions derived from KI values of the <2 μm 
fraction, indicating that the temperature was not 
high enough to reset the detrital age memory of 
2M1 illite (i.e., temperature <280 °C), but it was 
sufficient to trigger new growth of 1M illite dur-
ing burial anchizonal conditions. Additional evi-
dence comes from the asymmetric (001) illite 
reflection observed by XRD analysis, empha-
sizing the existence of several illite phases. Peak 
decomposition reveals a complex assembly of 
well- and poorly crystallized illite (WCI, PCI) 
components and I/S interlayering (Fig.  9A). 
 Illite phase quantification indicates a dominant 
PCI component (i.e., corresponds to authigenic 
illite) ranging between 31% and 57%, as well as 
minor WCI and I/S authigenic phases (Table 2).
The interpretation of the <2 μm fraction as a 
mixing age renders these samples geologically 
problematic, and only by using the illite poly-
type quantification method (e.g., Pevear, 1992; 
Grathoff and Moore, 1996) can a geologically 
meaningful statement be derived. The two illite 
polytype end members and their correspond-
ing K-Ar ages were used (i.e., authigenic 1M 
and detrital 2M1) to recalculate the “true” de-
trital and “true” authigenic ages of two samples 
(14-7 and 14-75, <0.2, <2, and 2–6 μm frac-
tions) originating from the western limb of the 
Silla syncline (Fig. 12). An important assump-
tion is that all 2M1 illite is detrital in origin, 
and no 2M1 formed through the transformation 
of 1M illite during diagenetic to anchizonal 
conditions. Extrapolating the 2M1 content to 
100% (i.e., 0% 1M/1Md) yields a detrital age of 
134–138 Ma, and extrapolation to 0% 2M1 (i.e., 
100% 1M/1Md) covers a time span for the authi-
genic illite between 60 and 50 Ma for the Silla 
syncline (Fig.  12). The extrapolated detrital 
 illite/muscovite of Valanginian age most likely 
reflects either reworked Lower Cretaceous sedi-
ments or a magmatic source rock of this age. 
The extrapolated authigenic ages of 60–50 Ma 
confirm the ages obtained for the same sample 
set in the <0.2 μm fraction as well as for sam-
ples in the western part of the internal domain 
(i.e., thrust zone with maximum rock uplift), 
as evident in Figures  10 and 11. These ages 
document a late phase of illite growth, most 
probably related to a thermal event induced by 
thrust burial during wedge thickening. Placing 
these events in the context of basin evolution 
provides excellent agreement between strati-
graphic and tectonic findings from the literature 
and this study (Wilson, 1991; Malumián, 1999; 
Fosdick et  al., 2011; Bernhardt et  al., 2012; 
Figs. 11 and 13).
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Figure 9. Results of illite peak decomposition after glycolization for 
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creasing metamorphic grade, the amount of well-crystallized illite 
(WCI) increases. KI—Kübler index; PCI—poorly crystallized illite; 
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(3) Early Paleocene (ca. 60 Ma)—
Illite Formation during Thrusting 
and Structural Uplift
Early Paleocene ages of illite recrystallization 
were observed for samples from the Cerro Toro 
and Punta Barrosa Formations (Figs. 11A and 
11B, Table 2). Samples 14-1 and 14-72 from the 
Punta Barrosa Formation were located close to 
thrust zones and yielded ages of 63.2 ± 1.2 to 
60.8 ± 1.1 Ma, indicating an isotopic reset of the 
<2 μm fraction (Figs. 11A and 11B). Other sam-
ples (14-15, 14-21, 14-29, 14-35, 14-38, 14-46, 
14-55, 14-63, and 14-75) in the Cerro Toro For-
mation exhibited early Paleocene dates of illite 
crystallization only in their <0.2 μm fraction. 
Their corresponding <2 μm fraction yielded 
mixing ages, as the temperature was not suffi-
ciently high enough to reset the isotopic system 
(see previous discussion).
Particular significance is assigned to sample 
14-1 (Figs. 4A and 4B), collected in the vicin-
ity of the Río Rincon thrust front. The age for 
the <0.2 μm fraction is 57.8 ± 0.7 Ma, and the 
age for the <2 μm fraction 63.2 ± 1.2 Ma. KI 
values range from 0.26 Δ°2ϴ in the fine frac-
tion to 0.25 Δ°2ϴ in the coarse fraction, indi-
cating low-epizonal metamorphic conditions 
with temperatures probably close to 300  °C. 
As such, the isotopic reset of detrital and dia-
genetic illite in the coarse fraction is not sur-
prising, and the ages are interpreted as cool-
ing ages. Figure 9C shows the 10 Å basal illite 
reflection, which can be decomposed into a 
dominant WCI phase (59%) and a minor PCI 
phase. Polytype quantification indicates new 
growth and recrystallization of 2M1 illite in 
both size fractions, reaching up to 75% in the 
<2 μm fraction and 63% in the <0.2 μm frac-
tion (Table 2). It is important to note that the 
thoroughly prograde transformation of 1M to 
2M1 illite in both grain-size fractions during 
epizonal conditions makes a decisive differ-
ence. Therefore, the presence of 1M illite as 
observed by polytype quantification and peak 
decomposition (PCI and I/S phase) indicates 
retrograde crystallization, i.e., at temperatures 
below peak metamorphic conditions.
TEM images reveal needle-shaped 1Md/1M 
illite accompanied by minor amounts of 2M1 
illite. The 1M polytype is identified by diffuse 
streaking (Fig. 7A). The 1Md/1M illite is con-
sidered as retrograde in origin, as expected from 
polytype quantification and KI values. Kaolinite 
occurs at the mineral rim and is identified by its 
7 Å lattice fringe periodicity (Fig.  7A). Since 
the peak metamorphic conditions certainly ex-
ceeded the thermal stability field of kaolinite 
(e.g., Hurst, 1985), the latter is interpreted as a 
retrograde low-temperature alteration phase re-
placing illite. Fluid-driven retrograde processes 
under diagenetic conditions were first described 
by Nieto and Peacor (1993) as “retrograde dia-
genesis.” They observed retrograde diagenesis 
on a regional scale caused by fluid interaction 
due to postmetamorphic tectonic events. We 
suggest that similar processes occurred in the 
Rio Nutria thrust area.
Epizonal sample 14-1 is located close to the 
basement-seated Río Rincon thrust and marks 
a distinct difference from samples originating 
from the less-deformed foreland-vergent im-
bricate thrust zone. Sample 14-1 reflects a fully 
reset metapelite exhumed from beneath the clo-
sure-temperature isotherm (~300  °C) originat-
ing from the hanging wall above the ramp thrust 
(Fig. 8C). Thus, the ages of 63 Ma (<2 μm) and 
58  Ma (<0.2 μm) are interpreted as cooling 
ages and record a short period of thrust activity 
and exhumation of the hanging wall at the Río 
Rincon thrust in the internal domain.
Sample 14-72 is located close to the Río 
Nutria thrust south of the Torres del Paine in-
trusion. The K-Ar age of 60.8 ± 1.1 Ma in the 
<2 μm fraction supports our interpretation as 
a cooling age. The illite in the <2 μm fraction 
exhibits anchizonal KI values of 0.36 Δ°2ϴ. 
Illite peak decomposition reveals a dominant 
PCI phase (56%) and minor WCI (36%) and 
I/S (8%) phases. The anchizonal KI value in the 
<2 μm fraction is only apparently in contradic-
tion with the interpretation as a cooling age. The 
KI value is explained by the presence of retro-
grade illite, shifting the KI value toward poorer 
crystallinities. Further evidence for elevated 
peak metamorphic temperatures is given by the 
zonation of epidote and illite as well as the re-
crystallization of framboidal pyrite (Fig.  5D). 
The cooling age can be explained by thrusting 
associated with structural uplift along the Río 
Nutria thrust, which places deeper stratigraphic 
units of the Punta Barrosa next to the Cerro Toro 
Formation (Fig. 8B). Sample 14-72 originated 
from the hanging wall above the thrust ramp, 
similar to the position of sample 14-1, and it re-
cords the thrust activity of the Río Nutria thrust. 
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ing age with decreasing grain size. Five age groups can be distinguished as indicated by the 
boxes with dashed lines.
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Thermal influence due to the Miocene Torres 
del Paine intrusive complex is considered to be 
unlikely, since the contact metamorphic zone is 
limited to a very narrow (<1.2 km) corridor sur-
rounding the intrusion (Bodner, 2013; Süssen-
berger et al., 2016, 2017).
The interpretation of the <0.2 μm ages for 
samples within the Cerro Toro Formation (14-15, 
14-21, 14-29, 14-35, 14-38, 14-46, 14-55, 14-63, 
and 14-75) is less evident and needs to be con-
sidered in light of the whole K-Ar database. 
They yielded ages between 67.1 ± 0.8 Ma and 
54.5 ±  01.1  Ma, indicating a uniform postdia-
genetic event of illite growth/recrystallization 
(Table 2; Fig. 11). KI values of this size fraction 
range between 0.67 and 0.30 Δ°2ϴ and indicate 
late diagenetic to high-anchizonal conditions 
(Table 2). It is striking that all <0.2 μm samples 
from the Cerro Toro Formation but one (14-7) 
yielded ages of ca.  60  Ma, regardless of their 
stratigraphic position or geographic location.
These ages are interpreted as a weak re-
gional thermal overprint probably related to 
burial metamorphism and/or a thrust-driven 
exhumation event. The <0.2 μm ages suggest 
that a widespread illite crystallization event oc-
curred at around 60 Ma, perhaps involving oro-
genically driven fluids from the evolving thrust 
wedge in the thrust zone with maximum rock 
uplift. The existence of a thrusting and structural 
uplift event at around 60 Ma is clearly evident 
from samples 14-1 and 14-72, which experi-
enced a complete reset of their <0.2 μm and 
<2 μm fraction ages under high-anchizonal to 
epizonal conditions.
(4) Early Eocene (ca. 55–46 Ma)—Illites 
Affected by Structural Uplift Processes
All samples of this group were obtained 
from the thrust zone with maximum rock up-
lift (Figs.  8, 11A, and 11B) and record a last 
 period of illite recrystallization and opening 
of the K-Ar isotopic system between ca.  55 
and 46 Ma (Fig. 10). The ages are interpreted 
to reflect synchronous thrusting, back thrust-
ing, and enhanced regional rock uplift during 
foreland shortening in the thrust zone with 
maximum rock uplift. Three samples can be as-
signed to the Punta Barrosa Formation: 14-43, 
14-71, and 14-72, <0.2 μm fraction (Fig. 11A). 
Samples 15-21 and 14-11 belong to the Cerro 
Toro Formation, sample 15-4 belongs to the 
Zapata Formation, and sample 15-29 belongs to 
the stratigraphically oldest Tobífera Formation 
(Fig.  11A). The samples will be individually 
discussed next according to their age and geo-
graphical arrangement.
The westernmost metapelitic sample 15-4 
belongs to the Zapata Formation and gives ages 
of 47.2 ± 0.6 Ma in the <0.2 μm fraction and 
53.6 ± 0.9 Ma in the <2 μm fraction (Fig. 4D; 
Table 2). The KI value displays distinct epizonal 
conditions, with 0.17 Δ°2ϴ in the <2 μm frac-
tion. The illite 10 Å reflection is a composite of 
a dominant WCI component (87%) and a minor 
PCI component (13%; Fig. 9D; Table 2). No I/S 
interlayering is present. The age is interpreted 
as a cooling age, suggesting burial temperatures 
above 300  °C. Since both grain-size fractions 
plot in a very narrow age range, they are thought 
to date a continuous structural uplift event be-
ginning in early Ypresian time. The <0.2 μm age 
of 47.2 ± 0.6 Ma reflects the date of the neo-
crystallization of poorly crystallized illite on the 
retrograde path. Most likely, these ages are ge-
netically linked with ages obtained for samples 
farther south and east (14-71, 15-29, and 15-21), 
suggesting an enhanced regional uplift event. 
However, it is difficult to resolve whether or 
not this structural uplift event was related to the 
back thrusts, as observed toward the NE, or the 
reactivation of the Zapata thrust, displacing the 
Tobífera Formation atop the Zapata Formation.
Sample 14-71, located south of the Torres 
del Paine intrusive complex and in the vicinity 
of the Río Nutria thrust, displays a cooling age 
of 53.3 ± 1.1 Ma in the <2 μm fraction, with a 
corresponding KI value of 0.28 Δ°2ϴ (Table 2). 
Optical microscopy and XRD analyses revealed 
the presence of illite, albite, quartz, chlorite 
(chamosite), and subordinate calcite and iron 
oxides. Calcite is virtually absent in the <2 μm 
fraction and hence does not affect the K-Ar 
age. Photomicrographs under cross-polarized 
light reveal two generations of illite growth as 
indicated by zonation (Fig. 5C). The partial re-
placement and recrystallization of framboidal 
pyrite by euhedral, cubic pyrite crystals can be 
taken as an additional indication for elevated 
temperatures. Polytype quantification reveals 
the dominance of 1M illite (73%) and a minor 
2M1 (27%) component (Table 2). Peak decom-
position of the 10 Å illite reflection reveals a 
mixture of 55% WCI, 32% PCI, and 13% I/S 
interlayering (Fig. 9B; Table 2). The relatively 
high amount of I/S interlayering is very likely of 
retrograde origin and shifts the KI value toward 
a higher value (i.e., lower metamorphic grade). 
The relatively high amount of WCI, which is 
in contrast to many anchizonal samples of the 
Cerro Toro Formation, is taken as additional evi-
dence for elevated temperatures.
Three scenarios are possible to explain 
the slightly younger age of this sample (53.3 
± 1.1 Ma) compared to sample 14-72 (60.8 Ma), 
located close by: (1) Considering that both sam-
ples are located in the hanging wall, it might 
indicate that thrust faulting and thrust-driven 
exhumation remained intermittently active over 
a period of at least 7  m.y. Such long-lived or 
reactivated thrust systems are also typical for 
other fold-and-thrust belt (e.g., Kirschner et al., 
2003). (2) A fault-bend fold scenario associated 
with slightly later structural uplift of sample 
14-71 would be possible and similar to the in-
terpretation of the sample pair 15-29 and 14-1. 
(3) The sample might have experienced a par-
tially reset due to a Miocene gabbro-diorite in-
trusion nearby. In this case, no statement about 
the period of thrusting could be given.
Nevertheless, the age of 53 Ma is in excellent 
agreement with the ages of samples 15-4 and 
14-43 and corroborates the interpretation of a 
general thrusting/uplift event in the western part 
of the study area.
K-Ar fine fraction ages of sample 14-43 
yielded values of 55.3 ± 1.1 Ma for the <2 μm 
fraction and 46.2 ± 0.6 Ma for the <0.2 μm frac-
tion (Table 2). The ages are interpreted as cool-
ing ages related to structural uplift from deeper 
stratigraphic units and local temperatures close 
to 300  °C. The corresponding anchizonal KI 
values of 0.33 Δ°2ϴ in the <0.2 μm fraction and 
0.31 Δ°2ϴ in the <2 μm fraction are only appar-
ently in contradiction with the cooling ages. It 
has to be assumed that retrograde, poorly crys-
tallized illite grown at the end of thrusting is 
obscuring the true illite crystallinity established 
during peak metamorphic conditions. In agree-
ment with this assumption, there is the domi-
nant PCI component (64%) derived from peak 
Figure 11 (on following page). (A) Geologic map of the study area with the distribution of the 
K-Ar data. The K-Ar data for the <0.2 μm illite fraction are indicated by open symbols, and 
results from the <2 μm fraction are indicated by filled symbols. K-Ar data interpreted as 
cooling ages are found in the thrust zone with maximum rock uplift. Sample 14-46 is located 
off the map to the south at the shoreline of Lago Sofia. Map is modified from Fosdick et al. 
(2011). Asterisk indicates age constraints for the Torres del Paine intrusive complex accord-
ing to Michel et al. (2008); Fosdick et al. (2011); and Leuthold et al. (2012). (B) Results of 
K-Ar illite dating for different grain-size fractions: <0.2 μm (circle), <2 μm (diamond), and 
2–6 μm (square). Note sample 14-1 defines the limit between the thrust zone with maximum 
rock uplift and the foreland-vergent imbricate thrust zone. The error bars for the K-Ar ages 
fall within the sample points.
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decomposition (Table 2). SEM imaging reveals 
the retrograde alteration of chlorite to chlorite/
smectite mixed layering and the new growth of 
illite in albite pores (Fig.  6B). Sample 14-43 
confirms a long-range, isochronic structural up-
lift event between sample 15-4 (53.6–47.2 Ma) 
in the west and samples 14-71 (53.3 Ma, <2 μm 
fraction) and 14-72 (47.6 Ma, <0.2 μm fraction) 
in the east (Fig. 11).
Sample 14-11 originated from the hinge zone 
of the Cerro Ferrier anticline and represents the 
sole Cerro Toro Formation outcrop west of the 
Río Nutria thrust. The metapelitic sample shows 
a typical anchizonal texture with minerals well 
aligned along the foliation plane (Fig. 6C). KI 
values indicate low-anchizonal metamorphic 
conditions in the <0.2 μm fraction (0.35 Δ°2ϴ) 
and high-anchizonal conditions in the <2 μm 
fraction (0.29 Δ°2ϴ). The proportions of 2M1 
(20%) and 1Md/1M (80%) are similar to the 
Cerro Toro samples in the foreland-vergent im-
bricate thrust zone. Platy 2M1 illite is observed 
in the SEM image and represents detrital illite 
(Fig.  7B). The newly grown illite component 
replaces coarser detrital muscovite and exhibits 
regular smectite interstratification (Fig. 6E). The 
K-Ar age of 66.2 ± 1.4 Ma is slightly older than 
other samples in the thrust zone with maximum 
rock uplift and suggests a partial reset of the age 
during structural uplift. However, the age of the 
<0.2 μm fraction (55.1 ±  1  Ma) probably re-
flects a complete reset related to structural uplift 
and records the regional uplift event already ob-
served in other samples of the thrust zone with 
maximum rock uplift.
Sample 15-21, located at the western limb 
of the Río Rincon anticline, yielded a <2 μm 
fraction age of 46.5 ± 5.2 Ma (Fig. 11). The KI 
value of 0.22 Δ°2ϴ indicates lower-epizonal 
metamorphic conditions and suggests an inter-
pretation as a cooling age. Optical microscopy 
shows newly grown illite mainly parallel to the 
foliation planes in the matrix. Illite peak de-
composition is in agreement with the elevated 
temperatures and reveals a dominant WCI phase 
and the absence of I/S interlayering (Table 2). 
The 2M1 and 1M illite polytypes were detected 
with TEM (Figs. 7C and 7D). The 1M illite is 
interpreted as a retrograde illite phase, as peak 
metamorphic conditions exceeded the stability 
field of 1M illite. The <2 μm fraction age of 46.5 
± 5.2 Ma records structural uplift and is in good 
agreement with other samples of the thrust zone 
of maximum rock uplift.
A simplistic approach enables us to deter-
mine time-averaged exhumation rates assuming 
a linear geotherm (30  °C/km) and a constant 
cooling rate (10  °C/km). The assumption of a 
linear geotherm of 30 °C/km is probably valid 
for the mid-Eocene through early Miocene time, 
but it might not be valid during Eocene and late 
Miocene magmatism. Depths are inferred from 
closure temperatures assuming ~180 °C for zir-
con and ~300 °C for illite. Based on two time 
constraints—the K-Ar cooling age of 46.5 Ma 
(sample 15-21) and a reported zircon (U-Th)/He 
age of 22  Ma (Fosdick et  al., 2013)—a long-
term exhumation rate of 0.16  mm/yr is deter-
mined (exhumation of 4 km in 24.5 m.y.).
Sample 15-29 was collected at the contact 
between the metapelitic Zapata Formation and 
a rhyolitic body assigned to the Upper Juras-
sic Tobífera Formation exposed in the hinge 
zone of the Río Rincon anticline (Figs. 8 and 
11). The rhyolitic rocks are part of the silicic 
volcanic unit and are described as massive, 
very poorly sorted lithic debris flow (Wilson, 
1991; Hanson and Wilson, 1993). The mineral 
assemblage is dominated by quartz, albite, and 
chamosite as the dominant clay minerals; there 
is also minor illite. Newly crystallized idio-
morphic  titanite occurs in traces. Microcline 
with typical chessboard twinning is albitized. 
Albite porphyroblasts are embedded in a tuffa-
ceous matrix, which is partly zoned and re-
placed by calcite. Occasional metapelitic clasts 
occur and support the assumption of a volcanic 
debris flow. Clay minerals occur as filling of 
miarolitic cavities. The filling often starts with 
well-crystallized illite at the rims and contin-
ues with well-crystallized chlorite (chamositic 
composition; Fig. 5A). Sample 15-29 gives an 
early Eocene age of 54.6 ± 1.4 Ma in the <2 μm 
fraction (Table 2). Calcite is essentially absent 
in the <2 μm size fraction and therefore does 
not affect the K-Ar system. The corresponding 
KI value (0.23 Δ°2ϴ) indicates low-epizonal 
conditions (Table  2). Accordingly, the age is 
interpreted as a cooling age. Peak decompo-
sition of the 10 Å illite reflection reveals the 
dominance of a well-crystallized illite phase 
(68%; Table 2). Neither illite nor chlorite shows 
any interstratification with smectitic phases and 
points to an illite crystallization at elevated tem-
perature conditions. The age of 54.6 ± 1.4 Ma 
records the closing of the isotopic system re-
lated to thrust-driven exhumation.
The slightly younger age of sample 15-29 
(54.6  Ma) compared to sample 14-1 (63–
58  Ma), taken in the hanging wall of the Río 
Rincon thrust, indicates that either folding oc-
curred immediately after thrusting or that thrust-
ing and folding occurred simultaneously (i.e., 
as a fault-bend fold), followed by slightly later 
structural uplift along the Río Rincon anticline. 
Also conceivable is a genetic link to the Tenerife 
thrust (Fosdick et  al., 2011), which is respon-
sible for rock uplift due to structural thickening 
of the Zapata and Punta Barrosa Formations. 
The age of 54.6 ± 1.4 Ma is consistent with the 
time of uplift observed farther north and sug-
gests a uniform uplift event in the thrust zone 
with maximum rock uplift.
Thrust-related exhumation rates can be de-
termined assuming the aforementioned condi-
tions (15-21) and two time constraints, the K-Ar 
cooling age of 54.6 Ma and a reported zircon 
(U-Th)/He age of 22 Ma (Fosdick et al., 2013). 
The calculated long-term exhumation rate of 
0.12 mm/yr (exhumation of 4 km in 32.6 m.y.) 
is in good agreement with the calculated exhu-
mation rate of 0.16 mm/yr for sample 15-21 and 
suggests a period of geological quiescence be-
tween 54 Ma and 22 Ma.
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Figure 13. Compilation and correlation of known time constraints for the formation of the fold-and-thrust belt between 49°S and 55°S. K-Ar 
illite ages from this study are displayed as red bars, published radiogenic age data are displayed as yellow bars, and sedimentological data 
are displayed as green bars. (A) K-Ar age (98.3 ± 1.2 Ma, <2 μm fraction) of deformed metapelitic clast in Cerro Toro conglomerate. (B) Río 
Rincon thrusting between 63.2 and 57.8 Ma and Río Nutria thrusting around 60 Ma (samples 14-1, 14-72). (C) Major phase of thrusting 
in the internal domain between 60 and 46 Ma. (1) U/Pb zircon ages from ash beds constrain the beginning of clastic sediment deposi-
tion to 115 ± 1.9 Ma (Malkowski et al., 2015). (2) Unconformity separates marine deposits from continental Río Turbio Formation dated 
late Paleocene–early Eocene by Malumián and Caramés (1997) at 50°30′S–51°S. (3) Paleogene (Eocene?) compressional phase ( Kraemer, 
1998). (4) Compressional phase and onset of Magallanes foreland basin is signaled by the occurrence of deep-water sandstones in the Punta 
Barrosa Formation, dated by fossil assemblages to late Albian to Cenomanian (Cortés, 1964; Wilson, 1991). (5) U/Pb zircon crystalliza-
tion age of 101 ± 1 Ma at the Zapata–Punta Barrosa transition zone indicates development of young fold-and-thrust belt (Fosdick et al., 
2011). (6)   Detrital U/Pb zircon ages from basal Punta Barrosa Formation record long-lasting fold-and-thrust belt activity at least until 
92 Ma ( Fildani et al., 2003). (7) Intense foreland subsidence and foredeep sedimentation during structural thickening and exhumation of the 
 Tobífera thrusts, ca. 88–74 Ma (Fosdick et al., 2011). (8) U/Pb zircon dating reveals incorporation of eroded Upper Jurassic igneous rocks into 
the Punta Barrosa and overlying Cerro Toro Formations. Data cluster around 85–70 Ma, with maximum around 80 Ma (Romans et al., 2010; 
Crane and Lowe, 2008). (9) Period of thrusting defined by Fosdick et al. (2011) between 74 and 27 Ma. Lower limit defined by the displace-
ment of the Cerro Toro Formation along the Río Nutria thrust. Upper limit defined by crosscutting relationship between Tenerife thrust and 
Cerro Donoso (ca. 26 Ma sensitive high-resolution ion microprobe U/Pb age; Sanchez et al., 2008). (10) Resedimented Early Cretaceous fossil 
fragments and palynomorphs and changes in sandstone petrofacies reflect uplift between Maastrichtian and Miocene times (Katz, 1963; 
Gonzalez, 1965; Macellari et al., 1989). (11) Paleogene uplift at 51°S between late Paleocene and late Eocene times (Skarmeta and Castelli, 
1997). (12) Exhumation along the eastern thrust domain indicated by zircon (U-Th)/He ages between 44 and 42 Ma (Fosdick et al., 2013). 
(13) Whole-rock K-Ar cooling ages around 75 Ma on dikes indicate a post-tectonic metamorphic overprint (Rapalini et al., 2008). According 
to Fosdick et al. (2011), the enhanced regional exhumation is also responsible for Tenerife thrusting. (14) Ar/Ar ages (87–84 Ma) on syntec-
tonic phengites (Calderón et al., 2012). (15) Deformation and metamorphism constrained by fossils in youngest deformed rocks and K-Ar 
biotite ages in oldest undeformed rocks to between 100 and 85 Ma (Halpern, 1973; Natland et al., 1974; Hervé et al., 1981). (16) U/Pb zircon 
ages reveal basin inversion and obduction prior to 86 Ma (Klepeis et al., 2010). (17) Detrital U/Pb zircon ages mark the onset of conglomerate 
horizons by 81–80 Ma (McAtamney et al., 2011). (18) Peak U/Pb detrital zircon populations from 66 to 62 Ma for the Fuentes and Rocallosa 
Formations (Mpodozis et al., 2007). (19) Beginning uplift of the Rocas Verdes block at 69–60 Ma, biotite K-Ar cooling age (Nelson, 1982). 
(20) San Vicente thrusting, ca. 61–55 Ma, records onset of thrust propagation (Ghiglione and Ramos, 2005). (21) Nelson (1982) established 
main uplift based on fission-track data between 43 and 38 Ma. (22) Río Bueno thrusting ca. 49–34 Ma (Ghiglione and Ramos, 2005).
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LINKING NEW AGE DATA WITH 
THE KINEMATIC EVOLUTION 
BETWEEN 49°S AND 55°S
Onset of Patagonian Fold-and-Thrust 
Belt Formation
The nascent Patagonian fold-and-thrust belt 
was related to the inversion of the Rocas Verdes 
Basin, which occurred at slightly different times 
and with different intensities between the north-
ernmost sector at El Chaltén (Argentina, 49°S) 
and the Darwin Cordillera (54°S). Several stud-
ies concluded that the shale-dominated Zapata 
Formation and its southern facies equivalents 
(i.e., Latorre Formation) acted as a major re-
gional décollement level during the initial stage 
of fold-and-thrust belt formation (e.g., Fosdick 
et al., 2011; Betka et al., 2015). The time con-
straints reported here reveal fold-and-thrust belt 
formation proceeding from north to south, start-
ing ~10 m.y. earlier in the Ultima Esperanza Dis-
trict compared to the Darwin Cordillera (54°S).
In the northernmost Argentinian sector (El 
Chaltén, 49°S), the onset of fold-and-thrust 
belt formation is constrained to 115 ± 1.9 Ma 
(Malkowski et  al., 2015; see Fig.  13, column 
1). In the Ultima Esperanza District (51°S), the 
onset of basin closure and fold-and-thrust belt 
formation occurred shortly thereafter and was 
first placed between late Albian and Cenoma-
nian time by fossil assemblages and the first oc-
currence of deep-water sandstones at the basal 
Punta Barrosa Formation (Cortés, 1964; Winn 
and Dott, 1979; Dott et al., 1982; Wilson, 1991; 
Fig. 13, column 4). Zircon-U/Pb geochronology 
performed on volcanic ashes and detrital zir-
cons from the Zapata–Punta Barrosa transition 
zone indicates thrusting between 101 ±  1  Ma 
(Fosdick et al., 2011; Fig. 13, column 5) and 92 
± 1 Ma (Fildani et al., 2003; Fig. 13, column 5). 
This study corroborates that time span based on 
a deformed metapelitic clast found within the 
Cerro Toro conglomerate, which yielded a K-Ar 
age of 98.3 ± 1.2 Ma in the <2 μm illite fraction 
(Figs. 3D, 3E, 10, and 13, column A). This age 
of synkinematically grown illite is interpreted 
to reflect a thermal event in the hinterland and 
records the formation of a synkinematically 
grown phase related to the early thrusting and 
uplift of the Tobífera and Zapata Formations 
during fold-and-thrust belt formation.
Farther south, in the Cordillera Sarmiento 
(52°S), syntectonic phengites from the Canal 
de las Montañas shear zone yielded slightly 
younger 40Ar/39Ar ages of ca. 85 Ma and indicate 
deformation and early thrusting in the basement 
domain (Calderón et al., 2012; Fig. 13, column 
14). Based on U/Pb zircon crystallization ages, 
Klepeis et al. (2010) determined the initial stage 
of thin-skinned thrusting in the Darwin Cor di-
llera (54°S–55°S), which placed oceanic floor of 
the Rocas Verdes Basin atop continental crust, 
prior to ca. 86 Ma (Fig. 13, column 16). Previ-
ous studies determined a broader time period of 
between 100 and 85 Ma for tectonic shortening 
and collision of the Patagonian Batholith and the 
South American continental margin (Halpern, 
1973; Natland et  al., 1974; Hervé et  al., 1981; 
Nelson, 1982; Kohn et al., 1995; Fig. 13, column 
15). The final closing of the Rocas Verdes Basin 
caused thrusting and imbrication of the Tobífera 
Formation, resulting in the so-called Tobífera 
duplex (e.g., Allen, 1982; Biddle et  al., 1986; 
Wilson, 1991). Age constraints on the  Tobífera 
duplex formation are given by whole-rock K-Ar 
cooling ages performed on dikes suggesting up-
lift at 75 Ma in the Sarmiento ophiolitic com-
plex (51°30′S; Rapalini et  al., 2008; Fig.  13, 
column 13). In the Ultima Esperanza District, a 
phase of intense foreland subsidence and fore-
deep sedimentation during structural thickening 
and exhumation of the Tobífera thrusts is con-
strained to ca. 88–74 Ma (Fosdick et al., 2011; 
Fig. 13, column 7). Additional time constraints 
for a matching thrust-related uplift event cluster 
around ca.  80  Ma and are based on the incor-
poration of eroded Upper Jurassic igneous rocks 
into the Punta Barrosa and overlying Cerro Toro 
Formations (Romans et  al., 2010; Galaz et  al., 
2005; Crane and Lowe, 2008; Fig. 13, column 
8). At 54°S, similar detrital zircon ages sampled 
in conglomerates indicate uplift and erosion of 
the obducted Rocas Verdes terrane and for the 
first time a significant detritus contribution to the 
foreland basin by ca.  81–80  Ma ( McAtamney 
et al., 2011; Fig. 13, column 17).
Propagation of the Fold-and-Thrust 
Belt into the Internal Domain
The subsequent phase of fold-and-thrust belt 
formation was characterized by out-of-sequence 
thrusting and basement-involved thick-skinned 
thrusts that cut the earlier décollements and re-
flect the final closure of the Rocas Verdes Basin 
(e.g., Klepeis et al., 2010; Fosdick et al., 2011; 
Betka et  al., 2015). In the Ultima Esperanza 
District (51°S), the eastward-migrating thrust 
front is locally documented in the Tenerife, Río 
Rincon, and Río Nutria thrust sheets (e.g., Wil-
son, 1991; Fosdick et al., 2011; Figs. 8 and 11). 
The first attempts to constrain the main period of 
foreland shortening within the internal domain 
were based on resedimented Lower Cretaceous 
fossil fragments, palynomorphs, and changes 
in sandstone petrofacies indicating structural 
uplift between the Maastrichtian and Neogene 
(Katz, 1963; Gonzalez, 1965; Macellari et  al., 
1989; Fig. 13, column 10). Skarmeta and Cas-
telli (1997) inferred the main phase of Paleo-
gene uplift in the area of 51°S to be between the 
late Paleocene and late Eocene (Fig. 13, column 
11). Fosdick et al. (2011) defined a broad period 
of thrusting between 74 and 27 Ma, which cor-
responds in their kinematic evolution to “stage 
III—Tenerife thrusting” (Fig.  13, column 9). 
Other authors have argued that the Upper Paleo-
cene to Eocene/Oligocene stratigraphic hiatus 
(i.e., from ca. 60 to 45 Ma) in the east-dipping 
frontal monocline (i.e., between the Maastrich-
tian Dorotea and the Eocene Río Turbio Forma-
tions; Fig. 2) may correspond to a deformational 
phase and uplift in the hinterland (Biddle et al., 
1986; Wilson, 1991; Malumián and Caramés, 
1997; Harambour, 2002; Schwartz et al., 2016). 
This unconformity, located immediately east 
of the Toro thrust, can be traced to the north 
(50°S–50°30′S) and is evident by displacement 
of the syntectonic Man Aike Formation atop the 
Calafate Formation (Kraemer, 1998; Malumián 
and Caramés, 1997; Fig. 13, column 2).
The results of illite fine fraction dating ob-
tained in this study constrain the phase of major 
cooling, inferred thrusting, and structural uplift 
to between ca. 60 and 46 Ma (Figs. 11 and 13, 
column B and C) and support the idea of thrust 
loading in the internal domain and simultane-
ous uplift and erosion in the external domain 
(Biddle et  al., 1986; Wilson, 1991; Fosdick 
et al., 2011). Fault and thrust activity coupled to 
exhumation were restricted to the frontal wedge 
within the thrust zone with maximum rock 
uplift. Tectonic thickening, folding, and uplift 
were slightly diachro nous in different parts and 
mark a significant widening of the orogenic 
wedge. The onset of thrust and fold activity can 
be placed close to 60 Ma for the Río Nutria and 
Río Rincon thrusts (Figs. 11 and 13, column B). 
Farther west, deformation and structural uplift 
continued until ca. 46 Ma, as recorded by K-Ar 
cooling ages (Figs. 11 and 13, column C). The 
critical taper angle was probably exceeded as 
a result of the out-of-sequence thrusting in the 
internal domain. Consequently, the orogenic 
wedge widened, and the fold-and-thrust belt 
gradually migrated toward the foreland. This 
interpretation is in agreement with observations 
further south (Betka et al., 2015). Due to struc-
tural uplift and unroofing processes, the forward 
moving fold-and-thrust belt caused the migra-
tion of the foreland depocenter and a rapid in-
crease in sediment supply along the monoclinal 
belt (Fosdick et al., 2015).
Based on basin thermal modeling, burial peak 
temperature conditions for the Dorotea Forma-
tion have been constrained between 164 °C and 
180  °C during the early Eocene (54–46  Ma; 
Fosdick et al., 2015). The rapid uplift of strata 
due to the structural decollément below the fold-
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and-thrust belt occurred slightly thereafter and 
is recorded by zircon (U-Th)/He ages between 
44 and 42  Ma (Fosdick et  al., 2013; Fig.  13, 
column 12). A link to the thermal overprint and 
uplift in the thrust zone with maximum rock up-
lift at ca. 46 Ma (this study) is conceivable but 
remains speculative due to the different closing 
temperatures of the various isotopic systems.
Farther south, at 54°S, Nelson (1982) estab-
lished a period of moderate uplift for the Darwin 
Cordillera and Rocas Verdes blocks starting at 
ca. 69–60 Ma (Fig. 13, column 19) and a phase 
of accelerated uplift between 43 and 38  Ma 
(Fig. 13, column 21). The rapid exhumation due 
to basement thrusting is reflected by cooling 
from ~250 °C to 150 °C between 65 and 40 Ma 
(Kohn et al., 1995). Mpodozis et al. (2007) con-
strained a matching period of thrust activity near 
Steno Otway (53°S) between 66 and 62  Ma 
based on detrital U/Pb zircon populations from 
the Fuentes and Rocallosa Formations (i.e., 
southern equivalents of Tres Pasos and Dorotea 
Formations; Fig. 13, column 18). Ghiglione and 
Ramos (2005) narrowed the time of deforma-
tion further and defined two major deformation 
phases during the Paleocene and late Eocene: 
San Vicente thrusting at ca. 61–55 Ma (Fig. 13, 
column 20) and Río Bueno thrusting at ca. 49–
34 Ma (Fig. 13, column 22). Both periods, al-
beit with slightly shorter activity for the later 
one, are also recorded by this study and suggest 
nearly simultaneous onset of basement-involved 
thrusting between 51°S and 54°S.
Farther north, at 50°S, two separate phases 
for the propagating thrust front have been con-
sidered in Argentina, although less well con-
strained (Kraemer, 1998): first, a compressional 
phase in the Eocene present in the western part 
of the fold-and-thrust belt (Fig. 13, column 3), 
and second, a late Miocene deformation phase 
present in the central and eastern part of the 
fold-and-thrust belt. Kraemer (1998) related the 
thrusting and uplift of the orogenic wedge dur-
ing the Eocene with the Farallon–Aluk Ridge 
collision between 52 and 42  Ma (Cande and 
Leslie, 1986).
A late-stage deformation phase is recorded 
between 21 and 18 Ma along the eastern border 
of the internal domain, immediately at the Toro 
thrust (Fosdick et al., 2011). However, this late-
stage deformation is not recorded by K-Ar illite 
dating in the studied stratigraphic units, either in 
the thrust zone with maximum rock uplift or in 
the foreland-vergent imbricate thrust zone. This 
is most likely due to the deeper-rooted Toro 
thrust fault in the Paleozoic basement complex, 
which left the Upper Cretaceous stratigraphic 
unit in the internal domain unaffected, and 
it provides an upper temperature on cooling 
(<250 °C) and inferred exhumation.
Synthesis of Fold-and-Thrust 
Belt Formation
The first mid- to Late Cretaceous compres-
sional phase can be related to the collision of the 
Patagonian Batholith against the South Ameri-
can continent, causing counterclockwise move-
ment relative to the Antarctic Peninsula while 
gradually closing the Rocas Verdes rift basin 
(e.g., Kraemer, 2003). Paleomagnetic recon-
structions suggest up to 90° counterclockwise 
rotation in the southern Fuegian Andes (54°S 
–56°S), and significantly less rotation (~20%) in 
the northern fold-and-thrust belt (e.g., Cunning-
ham, 1993; Maffione et al., 2010; Poblete et al., 
2014). Shortening estimations from restored 
line-balanced cross sections suggest an increase 
in shortening from ~19% (Fosdick et al., 2011) 
in the Ultima Esperanza District (51°S) up to 
~70% in Tierra del Fuego (Klepeis et al., 2010). 
The variation in tectonic shortening and timing 
of deformation along strike may be explained by 
the wedge-shaped Rocas Verdes Basin geom-
etry, which widened from north to south (e.g., 
de Wit and Stern, 1981; Betka et al., 2015).
By the Late Cretaceous–Paleocene, the ro-
tational movements were completed, and suc-
ceeding compressional forces were transmit-
ted to the foreland by thick-skinned thrusting 
(e.g., Maffione et al., 2015). Thus, diachronous 
thrusting as recorded during the initiation of the 
fold-and-thrust belt formation was superseded 
by coeval Late Cretaceous–Paleocene thick-
skinned tectonics along the fold-and-thrust belt. 
Additionally, coeval thrusting and structural 
uplift between 49°S and 55°S suggest con-
stant convergence rates of the Patagonian arc 
against the adjacent South American continent 
(Fig. 13).
We propose that back thrusts and pop-up 
structures are important features for the out-
of-sequence thrusting and exhumation in the 
 Ultima Esperanza District. Although, back 
thrusts are not well recorded at the surface, their 
presence in the Ultima Esperanza District could 
be shown in seismic-reflection data and in sand 
analog models (Fosdick et al., 2011; Likerman 
et al., 2013). They are likely to have formed dur-
ing the last phases of deformation around 55–
45  Ma and be concentrated in the thrust zone 
with maximum rock uplift. Similar back thrust 
and pop-up structures were reported by Klepeis 
et al. (2010) to have contributed to the structural 
uplift in the Darwin Cordillera.
CONCLUSIONS
The detailed petrological study of illite and its 
K-Ar fine fraction ages yielded new constraints 
on the thermal evolution of the Magallanes fore-
land basin and on the timing of the Patagonian 
fold-and-thrust belt formation in the Ultima Es-
peranza District at 51°S. The thermal overprint 
of diagenetic, anchizonal and epizonal condi-
tions reveals a complex pattern related to burial 
and thrust-driven exhumation events. Age con-
straints allow us to divide the internal domain of 
the fold-and-thrust belt into a thrust zone with 
maximum rock uplift and a foreland-vergent 
imbricate thrust zone.
The earliest indication for the onset of fold-
and-thrust belt formation in the hinterland is 
documented in a metapelitic clast within the 
 Upper Cretaceous Cerro Toro conglomerate, 
yielding a K-Ar age of ca. 98 Ma. The age re-
cords a thermal event or an episode of thrusting/
uplift in the hinterland related to the presence 
and evolution of an emergent fold-and-thrust 
belt. In the foreland-vergent imbricate thrust 
zone, the burial conditions never attained tem-
peratures high enough to reset the K-Ar ages. 
This is reflected in a homogenous pattern 
of mixing ages around 80  Ma. Extrapolated 
 detrital ages inferred from 2M1 illite polytype 
quantification range between 138 and 134 Ma 
for samples of the Cerro Toro Formation and 
correspond best to reworked Zapata Formation 
as source rock. After a certain period of geo-
logical quiescence, an interval of thick-skinned 
thrusting and associated structural uplift com-
menced in the Ultima Esperanza District. The 
new geochronological data from this study con-
strain this event to between ca. 60 and 46 Ma. 
However, thrusting, folding, and uplift were 
slightly diachronous in different parts of the 
study area. The east-dipping Río Nutria and Río 
Rincon thrusts record the onset of thrust and fold 
activity, which can be placed close to 60 Ma. 
They also mark the Paleo cene frontal thrust 
toward the less-deformed Magallanes foreland 
basin. In the thrust zone with maximum rock 
uplift, widespread activity of the frontal wedge 
with fault and thrust activity and associated 
rock uplift continued until 46 Ma, as recorded 
by K-Ar cooling ages. We propose that back 
thrusts and pop-up structures are important 
features for the out-of-sequence thrusting and 
exhumation in the Ultima Esperanza District. 
The phase of thrust loading between 60 and 
46 Ma can be interpreted to be responsible for 
uplift and erosion along the frontal monocline, 
explaining the observed 15 m.y. unconformity. 
Time-averaged exhumation rates along the Río 
Rincon anticline (54.6–22  Ma) and along the 
Río Nutria thrust (46.5–22 Ma) suggest rather 
low exhumation rates of 1.6–1.2 mm/yr maxi-
mum. The low exhumation rates link back to 
constantly low subduction rates, resulting in a 
period of geological quiescence between 46.5 
and 22 Ma.
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